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PREFACE 


The term eleaients” in convcaiiently apf>lieci f.o ihoHe 
rnernbcTH of thc‘ IVriodic 1 ahl<‘ whone (‘hturuHiry in little kricwri. 
Horm^ of ihoHo elcancaitH arc* ho Hcana^ that tfadr Htudy hiiK of 
nceeHKity been diffieult ; oth<a*H are abundant in tiatiire, Init 
their development han b<»en redardeal by lack of Huflieicmt inf en^Ht; 
at ill otliern havc^ only naaaitly been diHeovea’eah and Hiiflieient 
time huK not yet (‘lapneal for t henn to lone* t he* interent inhivrent 
in newneHH. The^ ^b*ar<^ elementn” them nhould underHtood 
to imdude thone (demeniH whicdi an^ little known father iKaaiiimi 
of Hcarcity, ni‘glc‘et, or ignorariee. I'he eheanintry of mnm a! 
thene elenamtH in developing rapidly, Hinee we are junt iK^giniiirig 
to appreciate^ Hornedhing of thear intc»reHt and tiHcdiilneMH. Rapid 
advanc(»nient< han followeal niieli an awiikcaiing, and the riariiriM 
of Home Hueh HubBtancen liave beeortif! honHcdudd wohIh. In 
other emeB inten'ent lian beem lean keen and liclvam^einerit liaw 
been hIow. 

The purfxme of thia work in to call aitfmtion Iwitfi to the ad» 
viineeH which have r{»cent!y been made in our knowhalge of the 
BCM'talled *'riirc*^^ ekanentn and aiao to the neinl of furthc^r re- 
mmreh hi thc^ <levc»Ioprrient of many of the h*H.H familiar elenieniH, 
Thin iKKik m tho <nifgrcnvth of a Icadun* eoiirae given for iiiiyiy 
years at the llnivermt-y of Illinoin, first, by Dr. C’lnrence W, 
Balkc*, and later by the author. This eour«e hii« biam 
tiiilly a Hindy of the Pi^ricMlii? Table witli H|andri! reference to 
flii^ elemerilH which are treated very brifdly or enlirely ignored 
in most ti»xtbookfi on Inorganic (!hemiHtry. For tiie prttierif 
course a working knowlraige of the coriirnori fflrarieiita m iiriiier- 
Htoocl, ami they are mentioned briefly for the imrfawe of utiow- 
ing the relationship laftweeri the rare elertients iiiifl tlieir mom 
familiar ndglilmrs. 

The chemistry of many of the rare eleriiefit,i*i in Htill in ii 
decidedly chaotic atiite. The titeriitiire cfinlains coitflirfhig 
staternerntB, mkleading dweiiaaions, and dowiiriglil errors, In 
such etsi^ the author haa attempted to select, thom* 
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which seem to bear the greater weight of authority. Where 
differences of opinion exist for the settling of which more in¬ 
formation is needed, an attempt has been made to present an 
impartial summary. Care has been exercised to eliminate as 
far as possible inaccurate, misleading, and untrue statements. 
It is too much, however, to expect that a book of this sort can 
be made free from errors either direct or implied. The author 
will be glad to have his attention called to any undetected 
errors, for which he alone must be held responsible. Sugges¬ 
tions will also be gladly received. 

In a course which has been developed by. a process of this sort 
many of the original sources of information have been lost. 
The writer would be glad to acknowledge his indebtedness to 
every author from whom information has been received, but 
this is manifestly impossible, since the material has been col¬ 
lected from a very wide range of sources and over a period of 
several years. Much material has been gleaned from such 
standard works as: Abegg, Handbuch der anorganischen Chemie; 
Browning, Introduction to the Rarer Elements; Friend, Text¬ 
book of Inorganic Chemistry; Gmelin-Kraut, Handbuch der 
anorganischen Chemie; Johnstone, Rare Earth Industry; Levy, 
Rare Earths; Mellor, Modern Inorganic Chemistry; Roscoe and 
Schlorlemmer, Treatise on Chemistry; Schoeller and Powell, 
Analysis of Minerals and Ores of the Rarer Elements; Spencer, 
Metals of the Rare Earths; Stewart, Recent Advances in Inorganic 
and Physical Chemistry; Venable, Zirconium; and many others. 
Constant use has also been made of the current scientific jour¬ 
nals. An attempt has been made to give sufficient references 
to the literature to permit the student who is interested in any 
particular phase of the discussion to pursue his investigation 
farther. These references also serve the double purpose of 
giving the authority upon which certain statements are made 
and of acknowled^ng the author^s indebtedness for the infor¬ 
mation given. 

The author is especially indebted to the following persons 
who have read portions of the manuscript and offered many 
helpful suggestions for its improvement, or have contributed in 
various ways in the compilation of -die material: * C. W. Balke, 
H. G. Deming, Saul Dushman, E. A. Engle, W. D. Engle, W, D. 
Harkins, Maude C. Hopkina, H. C. Kremers, Victor Lenher, 
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R. B. Moore, W. A. Noyos, Ro.salic* M* Parr, (}, W. Bearn, 
Frederiek Boddy, Marion 10. Bparkn, lOdwnrd Wiehc'ra, L. P. 
Yiitema. The HtudeniH who have hecni cairollcal in the ctourne, 
eHfKxially daring the two yearn tliat. tlie nuinuHcndpt han h(‘C‘n 
lined in niiineograph form, hav(* efaitrihuted niat(*rially through 
thinr intc»ri‘Ht in the nubjeet matter and ttie iunpiration whicdi 
they hav(» furnishc^d. To all of thcwi, an wtdl an to the writern 
whoHCj workn han b(‘en eoriHulted, thc! autlior winhc^H to exprens 
hirt profound gratitude. 

If thin hook to cremate gn^ater inhu’ent in thone elernentH 

whiehare unually KlightiHl in the ntudy of Incagariie, (Ihcunintry, 
the author will amply rejiaid for tlu! work wliieli han been 
neecBHary in the mmmibling and editing of tint material hcin^with 
presented. 


ll K IIOPKINH 

IJlIliANA, IU4NOm, 

Augiwt I, 
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CHEMISTRY OF THE RARER 
ELEMENTS 


ciiiAP'run I 

THE PERIODIC SYSTEM 


Historical, — Botwc'Pn 1H02 and 1808 occnirml the* hpieirio 
contr()V<*rHy hptw<*cn Proust and Bc*rtholiest* ocaic^fTuiug tho 
Law of Fix(*<i liatioH. TIuh diHe^UHsiori caulfcl with Proust roii* 
viucing rhcaiiiHtH that ehoiuiral coirifKaiudH inmnim a dr^fuiitf* 
eoniiKmiiion. In 1808 John Dalton puliIiHhcHr*^ a oonuiHUml 
account of his Atomic l'h<*ory, u|Kin whicth iuo<li»rn chcniistry 
is l,msc*d. In this way the* th(*ory of cdcmeaitH camo to he ac¬ 
cepted iimonK Hcneuitific mtm, and very qtdc‘Jdy cfTorts were 
made* to find a fiindarncrital u*Iat.ionship bcfw(»cn varieaw clew 
mental forms of matter. 

In 1815 Front eallf*d att(*r!tiori ^ to the fact that whrnt thii 
atomic weights of the elements were expressed tt|KUi the hydro¬ 
gen laisis, the* valii(‘s of t-he other eh^iriettts were vory clcwe to 
whole* ntimhers, and expressed the* opinitiri tliat hydrogen wm 
the primary c*lement front (amd(*rtHaiions of whic!h resulti»d iili 
of the Cither so-cailled c*Ierneiits. Pretui^s Hy|)otht*si» was riw 
caavial eiitliiislfisiically by some and ridiiailecl Ity othe.w. I1ii? 
discussion eonc^erning this thcsiry him oemipied the minds of 
icientific iiieri of all niitioris for ii large part of the nirictiaiiith 
camtiiry arid in a modified form hii« coritiitited clown to tliii 
prewrit tiriif*. 

Thoiiifis Thomson, in England, wii« iiii eiitJmsiiwfic follower 
of Frotif who tried to showexperimeritfilly^ tliiit tfii* Hy|ait!iesi« 
wii« true. Ilk results were c|m^tionfid i*«pf*eiftlly Ity llerieliitSi 
in Sweileru whose revisixl table of iibimic weights, pithlkhml m 


* Sw* Mini Fn^iiiid, Mtmiu t*f Ch^rnkml (%mlwkl^n tlai* 

mii, rhapO^r ¥, aiicl Mmrnm, W Mil CIS!I4|, 

* A Mn» #/ ChmirM Phitmtfphu, 2 IWI7 Mir 

*4»». Phil 11 mt mni ,11 It I cmiltL 

* 1» Miim^ m M^imh lk§ FM- Primii^ #/ CimmiMitM % 

♦adk», tUM. 


2 


THE PERIODIC SYSTEM 


1825, contained values which differed widely from T1 omson^s. 
Gmelin, in Germany, was inclined to accept the Hypothesis, 
and Dumas, in France, was outspoken in its support, especially 
after his work ^ upon the atomic weight of carbon showed that 
the ratio between carbon and hydrogen was almost exactly 
12 to 1. The accurate determination of the atomic weight of 
chlorine ^ by Marignac, in France, showed its value to be almost 
exactly 35.5. This led Marignac in 1844 to propose that the 
Prout unit be half the atomic weight of hydrogen. Dumas 
welcomed this suggestion, but his own work ^ later led him to 
suggest the adoption of -J- the hydrogen atom as the ultimate 
unit. In 1860 the classic atomic weight work of Marignac 
and Stas gave values showing variations altogether too large to 
be accounted for by experimental error and made further sub¬ 
divisions of the “ unit necessary. So the Hypothesis lost 
standing owing to the necessity of frequent revision of the ulti¬ 
mate unit. 

In .1880 interest in the idea was revived by Mallet^ whose 
work upon the atomic weight of aluminium showed that it 
belonged to the long list of elements whose equivalents are 
approximately whole numbers. Mallet called attention to 
the fact that 10 of the 18 elements whose atomic weights were 
best known had atomic weights differing from whole numbers 
by less than 3 ^ of a unit. He suggested that possibly certain 
constant errors might have influenced the accepted values of 
certain elements. A more recent revival of interest in Front’s 
Hypothesis was produced by Strutt, who called attention* to 
the fact that of the elements whose atomic weights are most 
accurately known, 12 have values which are almost exactly 
whole numbers. This is a far larger number than can be 
accounted for by the law of probability, so that we have 
stronger reasons for believing in the truth of Front’s Law than 
in that of many historical events which are universally accepted 
as unquestionable.” Along the same line Harkins has pointed 
out * that the atomic weights of 17 of the first 21 elements show 
an average deviation from whole numbers of 0.05 and argues 
that such a situation cannot be explained on the basis of chance. 

1 Dumas and Stas, Ann. chim. phys. 3 (JCd) 5 (1841). 

= Comp«. rend. 14 570 (1842). * Am. Chem. Jour. 3 95 (1880)- 

« Ann. chim. phys. 3 55, 129 (1859). » Phil. Mag. 6 (i)-311 (1901). m 

« Jour. Am. Chem. Soc. 37 1370 (1915). 
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The thildry that the elementB are in reality a mrim of eon- 
densatif)!! productn of some pritnal elenanit \vhi<di tnunt rc*- 
sernble the protyle of the ancient philo.sophcn’H lian h<‘cni ii 
fascinating); theory from the heginninp;. It has twam repeiitrally 
denounced as an illusion, hut neverthel(»HH it has eontiriu<*d to 
claim periodic attention among sehmti.sts. In the light of 
modern theories of atf>mic structure^ it is ncyt strange* that the 
Hypothesis of Front shotild naippear in modified form. Ilarkins 
and Wilson have shown ^ that at least tlu^ ligliha* (‘Icnnents may 
be considered as compos(Hl of a certain ruimlKm of atoms c)f 
hydrogen and helium. This thc*ory finds striking conOrniation 
in the study of the radioactive (‘lermuits arul from ttie experi¬ 
ments of Rutherford, who has found ewidcuu^et^ for the con¬ 
clusion that nitrogen atoms may be* disrupte'd by honil>ar<lment 
with alpha partietle^s, with the* libe*ration of hyelrogem. 

That the elements poHHess(*ei relationships of a different sort 
was shown soon after the* e*Htal)IiHhnH*nt of Daltords Atomic 
Theory. Ase*arly as 1817, Do(»b(*nune*r calleal attemtion to tlie 
fae^t that stront ium hiiel an atomiet wenglit wliie^h was very edose 
to the mean of tlic valuc»H for ealeinm and Iiarinm, whiles thf*H«! 
three elements Bhowe*d closer similarity in l>oth i>hyHit!al and 
chemical pro|>eriies. Later he also showe*fl that the*re are 
other triads in which the same g(*neral relat iemship (‘xistH, such 



Atomic WruaiiTS 

Mkan 

Calcium 

.... 40.07 


Htroritiurn , 

.... K7.ll*i 

HH.72 

Barium . . 

.... 117.87 


Chlorine 

.... 15.40 


BrorniiH! 

.... 7itfl2 

HI.10 

IcMlini} . . 

.... 120.02 


Sulfur . . 

.... 12.00 


Scflenium 

.... 70.2 

70.7H 

Tellurium * 

.... 127.5 



The Triads of DoelHreiner appanmily creafecl very little 
interest, for it was not until 1850 that Pf*tt.erikofer tiMik tint 
next step when he expressed the l.mlief Unit tin* dlBmmmm 


* jimr. Am, Ch^m, Xfwr. ST 0107* IIHI (IlllSK 
»E. E. Iiiithi*raml, PhU, ST asi (IIIlie. 
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THE PERIODlO SYBTKM 


between the atomic weip;lit,s <»f Ilie inoinbcrH of a “ natural 
group ” were multiploa of a coriKtant luutihcr, thus : 



Atomic 

Differ¬ 


Atomic 

Dipfhr- 


Weights 

ences 


Weights 

ENCEH 

Lithium . 

7 

16 

Oxygon . 


16 

Sodium . 

. 23 

16 

Sulfur . 

. 32 

3X16 

Potassium 

. 39 


Selenium 

. 80 

3X16 




Tellurium 

. 127.5 



In 1853 Gladstone arranged ' tlu' <‘lernentH in th(‘ order r)f 
increasing atomic weights, hut so many of th(‘ valiU'S aeeept(“d 
at that time were faulty that no Ijroad generulizuf ion was 
possible. 

In the following year J. P. ( ’ook(‘ discuswal “ “ the numerical 
relations between the atomic weights with some thougiits f>n 
the classification of the (diemieal elements.” lie pointed out 
that Doeberciner’s Triads actually broken up natural groups of 
elements, as, for example, tlu* halogen group which contains 
four closely related eksmenfs. If<* proi>o8e<l a classifutation 
by which the elements wer<‘ divideti into series, similar to the 
homologuea of Organic Olu'inistry, He took into eonsidemtion 
the general chomieal analogies of th(> «d<‘metJtH, the tyiH's and 
relations of their compounds, and the cry^stullographic relations 
as well as the physical and chemical pr«t)erties. (kx^ke’s 
classification is generally regarded as the first effort to arrange 
the elements in groups by means of a comparative study of all 
the available chemical facts. 

In 1857 Odling arranged * the elements in accordance with the 
“ totality of their characters ” and found 13 triatls some of 
which were double and some incomplete. In each case the 
intermediate term “ is possosml of intennediahr properties 
and has an exactly intermediate atomic weight.” 

Two years later Dumas wrote* as follows: “When one 
arranges in the same series the equivalents (atomic weights) of 
the radicals of the same family whether in mineral or organic 

» Tm. Mag. 6 (iv) 313 (1883). 

* Silliman’* Am. Jmr. dei. IT (U) 387 (1884). 

• » PhU. Mag. 18 (ii) 423, and 480 (1887). 

* a,»n. ;>%«. SS (ill) :a>0 (1880). 


HISTORICAL «> 

chcmiRtry, the first, term determines thi' elicmic^nl ehiinicier of 
all the bodies which belong to the seric's. Tht^ lyi><‘ of fluorine 
reappears in chlorine, bromine, and iodine; f.hat of oxygen in 
sulfur, selenium and tellurium; tlint of nifrogen in phosidutrus, 
arsenic and antimony; that of titanium in tin ; that of molylr- 
denum in tungsten, etc.” 

These early atfiunpts to classify tlu^ (demrmts are inf en'st ing, 
but no attempt was made to ineliuh! all th(^ then known elcnmuifH 
b(^caus(! of th(' lack of a consisfimt system of atomic; weights. 
This essential was supplied in 1H5K by f lu* splendid work of 
(lannizzaro who was the first to utilize Avogadro’s Hypothesis 
as the basis for atomic weigfit dot«*rminat.iorm. As a rt'sult of 
these revised atomic wc'ights, order began to displace* (*haos 
and in 1862-().‘} appeanal flu; first real atternirt. to itudude all 
the ekunents in a single; classification. Tliis work was done by 
A. B. B. de (lhancourtois ‘ who is generally given enalit for 
first suggesting the, relationships which niay fairly be considenal 
the forerunner of fhe iK'riodit; system. Ib; arrangtal the 
elements spirally in the ord<*r of increasing atomic; weights and 
divided the cylindrical helix into 10 vertical sc><;t ions. I'llements 
falling in the same vertic;al sc'ction had similar physical and 
chemical prop<;rtieH. This arrangememt bc*came known as the 
Telluric Screw and is recognized as embodying the fundamemhd 
idea of the periodic system, although the; cc»nception is hazy, 
the expression obscure;, and the accompanying siKiculations 
misleading. 

The next step was taken when John A. R. Newlands published 
a series of articles ® in which attc;ntion was diremf ed tc» the fact, 
that when the ek'ments arc* arranged in the* order of atomic; 
weight, the; eighth edeanent resembk's the* first. On ac:count of 
the resemblance* to the musical scale this gemeralizatiem was 
known as the Law of Octaves. An examination c»f Ne»wlands' 
table shows some inconsistencies, due at least in part to his failure 
to leave spaces for undiscovered elements. Them; is much to 
admire in Newlands’ contribution, in spite; of his inability to 
provide satisfactorily for the elements of higher atomic; wenght, 

> rmd. M 7S7, 840, «07 (1S02); SS IKK) (ISOZ); M »). 47« (ISSS) j 

83 *24 (IHOe). Hc(! aluo P. Jt. RnrtcHli’it arttote «ti " A PwrfiilwtlwwIriK «»f tls* 
Pttrictflio Law," An(«rt', 41 ISO (issa), 

Ulhem. New»,7 7UUmii)-, 10 II, 89, »4 (1864); 1* 83, 94 (1865) ; If lUl. 
130 (Ui«8). 
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THE PERIODIC BYBTEM 


Thus, it is seen that th(^ idea of a fundamental relationship 
between the elements had been growing gradually for a half 
century from the isolated Triads of DoebcTcdner to thc^ Oeiaves 
of Newlands and the Table of de C’hancourtois. It m no wonder 
that, with these preliminary steps, two men should anrioiinee 
a periodic arrangement almost Hiimiltanfanisly and <loiil>tl(*H8 
quite independently. 


Table I 

Newlandn^ Law of Odavrs 


H 

F 

Cl 

Co, Ni 

Br 

P<1 

1 

I't, Ir 

Li 

Na 

K 

Cii 

Rb 

Ag 

Ch 

Tl 

G1 

Mg 

Ca 

Zn 

Hr 

Vil 

Ba. V 

Ph 

B 

A1 

Cr 

Y 

Co, Jjit 

V 

Ta 

Th 

C 

Si 

Ti 

In 

Zr 

Hit 

W 

ilg 

N 

P 

Mn 

As 

I)i, Mo 

Hit 

Xb 

Bi 

0 

S 

Fc 

Bci 

Ho, Hu 

To 

,.\u 

Oh 


Lothar Meyer publisluHl Die Modertie Theurkn ikr Chemie 
in 1864, in which appeared a tabli* <*ontiiiiiirig moni a! the* then 
known elements and leaving spacu^s for undiseovt^red eleiniuiits. 
Those elements which app<air in the sann* column have Mimiliir 
properties, but the system was not eonqdeie, and was little more 
than that of Newlands. 

In 1869 71 Mendcddeff puldished * an lirritngerncuit of the 
elements in the order of in<jreasing atomic wcught in wliich it 
was shown clearly that there is a ixTirxIie ri!enrrf?nee of proper¬ 
ties. In 1870 Meyer published a pft|K»r ^ giving a table almost 
identical with Mendeleeff’s and stating that the proimrtiim 
of the elements arc, for the most part-, periodic functions of 
their atomic weights.’^ Imter he modifiiHl his talile slightly 
and suggested a spiral arrangement, which has the aclvaritage 
of showing both the continuous nature of the scheme, and the 
periodic recurrence of certain properties. 

While both Meyer and Mendel^ff de«rve great credit for 
the part each played in the clearing up of the pTioclic reliitJon- 
ship, it is quite clear that neither one de^rves all tin* «?rcdit for 
this useful generaliMtion. The verdict of tlic^ cheitiiciil world 

I/. Rm$. amm. Bws. t 60 (186i); I 14 (1870); 4 MU (18711. 

^ AtmMm SuppL 7 S54 (IS70). 




Annalm SuppL 8 151 (1872). 
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THE PERIODIC SYSTEM 


Table III 


Comparinon of Eka-silicon with Germanium 



Eka-silicon (Predicted, 1871) 

Germanium (Discovered, 1886) 

Atomic weight 

72 

72.3 

Sixicific gravity 

5.5 

5.47 

Atomic volume 

13. 

13.2 

Color 

Dirty gray 

Grayish-white 

Calcination pro- 

EsOa, white powder 

GeOg, white powder 

(lueoH 



Effect of IIsO 

Will decompose steam with 
diffieulty 

Does not decompose water 

Effect of acids 

Slight effect 

Not attacked by HCl but 
soluble in aqua regia, 
oxidized by HNO 3 

Effect of alkalies 

No pronounced action 

I 

Solution of KOH has no 
effect; oxidized by fused 
KOH 

Production of the 

EsOa and EsKsFe reduced 

GeOs reduced by C and 

element 

by sodium 

GcKaFfl by Na 

Properties of the 

Refractory; specific grav¬ 

Refractory; specific grav¬ 

oKide 

ity 4.7; less basic than 
TiOx or SnOa; more 
basic than SiOa 

ity 4.703; feebly basic 

Properties of the 

EfsOb will be a liquid with 

GeCU boils at 86 ® and h^ 1 

chloride 

lioiling point under 100 ® 
and specific gravity 1.9 
atO® 

specific gravity 1.887 at^ 
18® 

Properties of the 

EbP 4 will not be gaseous 

GeF 4 is a solid 

iuoiide 



Organo-metallic 

E 8 (GiH 5)4 boils at 160® 

Ge(CaH 5)4 boils at 160® 

compound 

i 

and has specific gravity 
0.96 

and has specific gravity 
a little less than 1 


gives greatest credit to Mendel^eff in spite of the fact that 
Meyer has some very ardent supporters. Oswald in his Klassi- 
ker der exakten Wissenschaften, No. 68, sets forth strong claims 
for the priority of Meyer’s %ork, but one of the main reasons 
why Mendel6eff is given greater credit is because he ventured 
to predict the properties of certain unknown elements. He 
foretold the properties of the elements eka^boron (scandixun), 










^ USEFULNESS ^ 

*■ 

' ^ka-silicon (germanium), and eka-aluminium (gallium). That 
’. he had a wonderfully clear conception of the meaning of hi.^ 
j^eriodic table is shown by a comparison of the properties 
predicted for eka-silicon in 1871 with the properties of the 
element germanium discovered in 1886. (See Table III.) The 
predictions of the properties of eka-aluminium and eka-boron 
o.re equally striking. This remarkable achievement centercKl 
o^ttention upon the Mendel6eff table and by some is considered 
SLxx absolute proof of the truth of the theory. C. Winkler said: 

It would be impossible to imagine a more striking proof of 
■fclie doctrine of periodicity of the elements than that afforded by 
■fcliis embodiment of the hitherto hypothetical eka-silicon.'' 

On the other hand, G. Wyruboff as late as 1896 considered 
tilie periodic system as a very interesting and highly ingenious 
t>a/ble of the analogies and dissimilarities of the . . . elements " 
a.iid proposed to reject the whole generalization because of its 
def ects, reasoning that since the laws of nature admit of no 
es^iception, the periodic law must be considered as a law of nature 
ciejS.nitely established which must be accepted or rejected as a 
whole." In spite of the bitter attacks made upon the system 
by those who claim that it has done more harm than good, the 
fsbot remains that it is a convenient basis for the classification 
of an endless array of facts. In addition it has been a vast 
|>onefit to the science of chemistry by reason of its-stimulation 
ho research. 

Usefulness. — Mendel&ff pointed out four definite methods 
z>f using the periodic law: 

1. As a means of classification it serves to systematize the details of 
^htemistry and permits the student to group together a large number of 
’acts, which would otherwise be in a disconnected and chaotic state. Ndt 
are the chemical properties of the elements periodic functions of the 
b-fcomic weight but there is also a periodic relationship in valence, ipecifie 
;rab*vity, atomic volume, melting point, boiling point, hardness, malleability, 
Ixxetility, compressibility, coefiicient of expansion, thermal conductivity, 
a-Leiit heat of fusion, hpt of chemical combination, refractive index, color, 
Lietribution in nature, electrical conductivity, and magnetic suaeeptibility. 
?l3.e analogous compounds of the elements frequently show periodicity in 
ULohL properties as molecular volumes, melting pointl, boiling points, 
fca^bility, and color. The specific heats of the elements furnish an exception 
3 -tbe rule since they are not periodic. 

It offers a method of determining atomic weights of elements whosci 
g[i 3 Livalents or combining weights are known. In this way biryllium, 
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silxrct, of cobalt and nickel, and of tellurium and iodine would be reversed, 
v^b-il^ their properties require the positions usually given them. This 
c3-if®-<^'U-lty has disappeared since the introduction of atomic numbers as the 
t^asis of classification in place of the atomic weights used by Mendeleefi. 

The symmetry of the system is destroyed by Group YIII, which con- 
triads in alternate series. These triads show a disturbing variation 
ija ^a^lence. They show a certain transition of properties between the last 
rmeDnloers of the odd series and the first members of the following even 
series. Yet their presence is more puzzling than helpful. 

•5. The most serious defect in. the system, especially in its usefulness in 
blie le^boratory, is that similar elements are sometimes in remote positions, 
W"hLil<3 dissimilar elements are brought close together. These difficulties 
a.xe most pronomced in qualitative analysis, in which the solubilities of 
are of prime importance. As illustrations of this defect it may be 
observed that copper and mercury, silver and thallium, barium and lead, 
tL£Lve many similar properties which are not suggested by their positions 
in "tbe table. On the other hand we might expect gold and caesium, 
rnbidLium and silver, and manganese and chlorine to resemble each other 
mxxch. more closely than they do. It is obvious, however, that no table 
coiildL possibly show all the resemblances and contrasts of each element, and 
Eb deta-iled study of each of these elements justifies in a measure its usual 
position in the table. 

Mlodern Ariaagements of the Periodic Table. — The recog- 
rxi25eci advantages and weafaiesses in Mendel6eff^s table have 
produced a vast amount of discussion. The system has been 
t>it>terly attacked and earnestly defended, with apologies for 
L-fcs iamperfections and suggestions for its improvement. As 
a, result of this discussion progress has been made, but the prob~ 
Lorn is a complex one and much remains yet to be accomplished, 
[-fc is evident that we cannot understand clearly the relationship 
sv^hicli exists between the elements until we have a pretty clear 
conception of what an element is and know something of the 
3t>rxioture of atoms. Recently great advances have been made 
XX tkese directions, and any modern arrangement of the periodic 
}a.t>le must be in strict harmony with our best information con- 
jomiug atomic structure^ must conform with the revelations of 
?C-ray analysis, and must agree with the conclusions of studies 
n. ra.dioactivity. Accordingly in the recently suggested plans 
'.tie elements are arranged in the order of atomic numbers, which 
•oroowes the misfits found at the positions of argon and potas- 
Axim, cobalt and nickel, and tellurium and iodine. Most of 
itie modern arrangements also provide for the suitable placing 
)f thte isotopes, especially of the radioactive elements. The 
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greatest difficulties still remaining in pn^paring ti tlinrouglily 
satisfactory table are two in nuinbc'r: first, in sliowing the 
relationship of hydrogen to the oth(‘r (dcntamtH of table*; iifid» 
second, in making ad(*(iuate provision for i.lu* ran* c*arth grouf). 

Modern arrangennents of the* tal>lc* may b(* (a)nHi(lc*red in t wo 
classes, those using a flat surface* and those* using ihrf*e ditiam- 
sions. Only the more important suggestions in (^ach class ciiii 
be considcu’cd here. 

In order to provide spa(5(^ for the ran* (airth grou|), Wc*ria*r 
has proposed ^ an arningernerit shown in Tabk* IV. I'his 
plan makes provision for all the (d(‘rn(‘ntH, but it is (mrnlH*r- 
some and lacks the simplicity and regularity of th(^ MendeleelT 
table, since as thc^ se({U(*nc(* moves to tin* right across th(i page! 
a uniform change of prop(*rti{*H does not follow. Hh*. arrimgct- 
ment of Derning, Table V, l)rings out nie^ely the pe^tniliar relation¬ 
ship which hydrogen b(*arH to the r(‘Ht of thc! c!l(*mente and 
provides space for all the (*l(‘ments, tlui ran* <*nrth group taking 
a place in which w(! should expc^ct to find only one or two singlr! 
elements. This plan brings out some! int(*reHting relationshipH, 
but is complicated and do(‘H not show the isotopes of thej radio¬ 
active elements. The tabk* siigge»stc*d by Dushman,^ Talde VI, 
has the advantage of simplicity and cornpIeft*n(*HS. It shows 
the body of tlu* rani (*arfh groiR) as an <‘nlarg{*m(*nt of the* 
position whicih w(i would expect to b(* occupied by a single 
element in Group III and provid(is spacci for tin! isotc»|K!» of 
the radioactive (*lem(*ntB. 

Of the helical arrangc*mc*nts those liy Boddy and Harkins 
are notable. In the former^ th<i <:*I(*m(!nts are iirranged in the 
order of increasing atomic numbers itrouml two helicnl caires, 
one of which has a. 8harfK*ne<I end to signify the abriij)t cltaiiges 
which take place wh(in wc* pass through the Zero Group, wtiJle 
the other has a fiatkined end upf>ri which is arranged the triiids 
of Group VIIL Tlie ran* earth grouf) is iirrnrigf*d in order 
along the surface of the helix in the position occupiial liy Oriiiip 
IIL A flat surface drawing of HcKldy^s arrangiarnint is sliowti 
in Fig. 1, but a small mcxlel in three* ditriffrwions lirings. out the 
relationship much more clearly. Hiirkins * imei two cyliiidew, 

* Werii«r, Bm ZB 914 (10011). 

® B&va Daitiiimii, Bm, Mka. Bm. IB 614 (1015). find m 1» (ItlT)- in* 
Mdb front cover. 

® Soddy, Ckmtmk^ Gtf Badmsctiw 

« HftrMns and HaU, Jmr. Am. Chmn. Bm. m 16i (Itlll). 
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one within the other, and the sequence of elements changes from 
the larger cylinder to the smaller as we pass from a long series 
to a short one. In this way the elements in the B division of a 
group fall behind the ones in the A division. The rare earth 
elements and the isotopes of the radioactive elements are 
arranged vertically along the surface of the helix parallel with 
its axis. A flat surface representation of this arrangement is 
shown in Eig. 2, but a model is needed to show the completeness 
of the system. 

How Many Elements Are There ? — In ancient times all forms 
of matter were supposed to be derived from the four elements,” 
— earth, air, fire, and water. Since this theory was overthrown 
there has never been a time when man could agree on the prob¬ 
able number of elements. At no time has the answer to this 
question been more nearly within reach than at the present. 
A study of the atomic numbers of the elements has led to the 
conclusion that from helium to uranium inclusive there are 91 
elements, making with hydrogen a total of 92 possible elements 
within the limits of our present knowledge. Nearly all of the 
recent periodic arrangements also indicate the existence of 92 
elements within these limits. It is a startling fact that in 
Mendel6eff’s table, he placed the 63 elements known in 1871 
and left enough blanks to make almost exactly a total of 92 
elements. At first thought this appears to be a wonderfully 
accurate prediction, but upon close inspection it is found to be 
merely a strange coincidence. Only three of Mendel6eff^s 
blanks have actually been filled. Some others may be filled by 
elements yet undiscovered, but most of his blank spaces never 
will be filled. He knew nothing of the Zero Group and the rare 
earth group was quite incomplete. So it is more probable that 
the number of elements for which his table provided was deter¬ 
mined more by convenience than by any deep-seated conviction. 

If the region between helium and uranium contains 91 
elements then five are as yet undiscovered. These have been 
predicted and named: (1) eka-manganese with an atomic 
number 43 and an atomic weight approximately 100; (2) dwi- 
manganese, atomic number 75 falling between tungsten and 
osmium; (3) eka-iodine, atomic number 85; (4) eka-neodym- 
ium, a rare earth element of atomic number 61; and (5) eka- 
caesium of atomic number 87. Of these, greatest interest has 
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attached to the last named on account of the unsuccessful elfort 
to locate the element. (See Caesium.) Some interest is also 
being shown in eka-manganese on account of the fact that its 
discovery was announced ^ by Ogawa, a Japanese chemist, who 
claimed that the element which he called nipponium, named 
from Nippon, a name for Japan, confirmed all the prophecies 
of Mendel^eff regarding this element. He has been accused of 

faking ” the whole report, since separate investigations by Sir 
William Ramsey and R. B. Moore have failed to verify his results. 

In addition to the 92 elements already provided for, there are 
three regions.of doubt: (1) before hydrogen, (2) following ura¬ 
nium and (3) between hydrogen and helium. Studies in 
radioactivity have suggested the possibility of atoms heavier 
than uranium, but the existence of such elements has never been 
demonstrated, and if they have ever existed on the earth they 
are doubtless unstable under conditions now extant. Hence, 
these are usually referred to as extinct ’’ elements (Bayley). 

Spectrum analysis has given evidence of the existence of 
several unrecognized elements, some heavier than hydrogen and 
some lighter. The existence of a gas asterium,^ unknown upon 
earth, is suspected in the hottest stars. Nicholson likewise 
suggests the existence of a series of simple elements, including 
arconium with an atomic weight 2.9 as calculated from the 
width of the spectral hues and by the differences between the 
calculated and observed wave lengths. Protofluorine with an 
atomic weight 2.1 is probably identical with coronium^ first 
observed in the corona of the sun and later reported from the 
volcanic gases of Mt, Vesuvius. Nebulium ^ with a calculated 
atomic weight of 1.31 was reported present in the spectrum of 
certain nebulae, and is probably identical with aurorium re¬ 
ported in 1874 by Huggins ^ from a study of the spectrum of the 
aurora borealis. Protohydrogen has also been reported with an 
atomic weight of 0.082. Etherion was reported ® by Brush at 
the Boston meeting of the American Association for the Ad¬ 
vancement of Science in 1898. It was described as a gas which 
may be expelled from powdered glass and other substances 
under high temperatures and pressures less than yinrJinnr 

^ Jour. Chem. Soc. (Lond.) 94 952. ^ Chem. News, 78 43 (1898). 

2 See C^ew. News, 79 145 (1899). ^ Chem. News, 69 161. 

® See Proceedings Boy. Soc, 1899- 

« Tram. Am. Assoc. Sci. Boston meeting; also, Chem. News, 78 197. 
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atmosphere. Its atomic weight was calculated as about 
that of hydrogen, and it was described as possessing enormous 
heat-conducting power, but lacking in chemical affinity. From 
the manner of obtaining this gas and its general behavior 
Crookes suggests that the peculiar properties noted are due to 
the presence of water vapor, which would quite certainly be 
present under the conditions described and behave as the new 

gas did. 

Efforts to prove the existence of such elements as these have 
made little progress because of the well-known variations in 
spectral lines produced by different conditions. Keeler ^ 
points out that entirely different spectra may be produced from 
an element by varying conditions. Thus, if the spectrum of an 
element is produced from various mixtures, new lines may be 
produced and others may disappear because of overlapping. 
Pressure influences the spectrum, usually producing a broaden¬ 
ing of the lines.^ Temperature produces so marked an effect ^ 
that it has been said that “ a rise of 5° in temperature is sufficient 
to transfer Di to the position of D 2 ” Variations in the mag¬ 
netic conditions produce enormous changes in the spectrum 
of an element.^ On account of these facts chemists have been 
conservative in accepting the discovery of an element when our 
knowledge of its existence is based on spectroscopic evidence alone. 

Discoveries of a very large number of new elements have been 
claimed in recent times. Charles Baskerville, in the presiden¬ 
tial address delivered before the chemists of the American 
Association for the Advancement of Science, St. Louis, 1903, 
gives a list^ of more than 180 such announcements since 1777. 
Of these only about 36 may be considered as actual discoveries 
of new elements, while over 130 have failed of confirmation or 
have been definitely rejected because the observations were made 
upon impure materials or upon elements already known. Of 
the remainder some may still be considered as having an unde¬ 
termined status and others are what we now call isotopes. 


1 Sci. Am. Suppl. 88 977 (1894). 

2 Schuster, Brit. Assoc. Report, 275 (1880). 

8 See Ueb. Ann. 238 57; Chem. News, 66 51. 

* Foote and Mohler, Origin of Spectra, American Chemical Society Mono¬ 
graph, chapter v, especially figures 23, 24. 

«The Elements, Verified and Unverified,” Chem. News, 86 109 et seq. (1904). 
See also Harkins, Jour. Am. Chem. Soc. 42 1985 (1920). 


CHAPTER II 


THE ZERO GROUP 

In many respects Group Zero is unique among the families of 
the periodic table. It is the only group whose elements are all 
gaseous at ordinary temperatures; all of these elements appear 
to be totally inactive chemically this group and the Eighth are 
the only ones in which there are not represented rather definite 
odd and even sub-groups. This group is transitional between 
the extremely electro-negative halogens and the strongly electro¬ 
positive alkali metals. These elements are known as the “ inert 
gases ” on account of their chemical indifference; noble 
gases ” on account of their analogy to platinum and gold ; or 

rare gases because, with the exception of argon, they are 
found in the atmosphere in extremely minute amounts. None 
of these gases so far as we know have color, odor, or taste^ and 
their other physical properties furnish striking resemblances 
with a gradation similar to that fo»und in other families. (See 
Table VII.) It is to be noted that the ratio between the specific 
heats at constant pressure and constant volume is quite uni¬ 
form and the value 1.6 is generally interpreted as indicating 
that these gases are monatomic. The reasoning is, however, 
not conclusive and Mellor objects to the unqualified acceptance 
of this view.^ 

Heliijm 2 

Historical. — On August 18,1868, a solar eclipse occurred, during which 
the sun's photosphere was for the first time studied with the aid of a spec* 
troscope, P. J. C, Janssen ® called attention to the fact that a certain 
line in the yellow supposed to be caused by sodium did not coincide with 
eith^ Di or Da and proposed to call it Ds. Frankland and Lockyer^ 
concluded that this line was due to an element unknown upon the earth, 
and suggested the name helium, the sun element. Later the same yellow 
hne was detected in the spectrum of certain stars and it was reported in 

1 Mellor, Mod&m Inorganic Chemistry, pp. 664 and 836. 

*See "‘ Helium, Its History, Properties, and Commercial Derelopment,*' 
by R. B. Moore, Jour, Frank. Inst. 191 145 (1921); for a bibliography of 
HeHum, see Circular 81, Bureau of Standards (1919). 

^ Compt. rend. 67 838 (1868). 

< PfOG. Boy. Soc. 17 91 (1868). 
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1881 by Palmieri ^ in the spectrum of the gases fromMt. Vesuvius, although 
some question has been raised about the possibility of the latter observa- 
tion.2 

In 1889, Hillebrand published Bulletin, U. S. Geological Survey, No. 78, 
in which he described some experiments upon a gas which had been expelled 
from the mineral cleveite. This gas he supposed to be nitrogen, since it 
yielded nitrogen compounds. He noticed, however, that its behavior 
differed somewhat from nitrogen, but he failed to detect the presence of 
the new element helium. 

In 1894, Sir William Ramsay was studying the gas obtained by heating 
powdered cleveite and found about 12 per cent of nitrogen, some hydrogen, 
and some argon; there was also a brilliant yellow line of the same wave 
length as Dg of the solar spectrum. Kayser announced ^ the detection of 
helium in the atmosphere in 1895. The confirmation of the discovery of 
terrestrial helium was quickly made, but at first there was some doubt 
concerning its homogeneity and position in the periodic table. The color 
of the glow from a Plticker tube containing pure helium is yellow under a 
pressure of 7 millimeters and green at a pressure of 1-2 millimeters. This 
led to the belief ^ that helium was a mixture of two elements, but efforts 
to separate them went to prove ® that the gas is homogeneous. So helium 
took its place in the periodic table as an element without chemical affinity. 

In 1903, Ramsay and Soddy ® announced the discovery of the fact that 
helium was a product of the atomic disintegration of radium, one gram of 
which produces about 0.45 cubic millimeter of helium per day. Later 
it was found th^t other radioactive substances also yield helium and that 
the charged helium atom is the alpha particle. 

Occurrence.^ — Helium is widely distributed in nature, 
though usually in small amounts. It makes up a considerable 
portion of the sun's atmosphere and is probably the principal 
constituent of the hottest stars. It is present in the earth's 
atmosphere in a proportion estimated as about 1 part in 185,000 
by volume.® It has been detected in the gases evolved from 
certain mineral springs. King's Well at Bath, England, is 
estimated to yield 1000 liters of helium annually. It has been 
detected in at least one meteorite, which fell in Augusta Count;f, 
Virginia. It has also been obtained from a large numbed 

1 Rendiconti B. Accad, di Napoli, 20 233 (1881). 

2 Nasini and Anderlini, Atti R, Accad. Linc&i, 13 (v) i. 368 (1904). ? 

® Kayser, Chem. News, 72 89 (1895). 

^ Rxmge and Paschen, PhU. Mag. 40 (v) 297 (1895) ; Brauner, Chem. News, 
74 223 (1896) ; also Nature, 62 620 (1895). 

» Proc. Boy. Soc. 60 206, 449 (1897); 62 316 (1898); also Nature, 66 380 
(1897). 

« Proc. Roy. Soc. 72 204 ; 73 346 (1903). 

^ See “ Helimn Bearing Natural Gas,” by G. S. Rogers, U. S. Geol. Surv^, 
Professional Paper^ No, 121 (1921). 

* Watson, Trans. Chem. Soc. 97 810 (1910), 
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minerals, principally those containing radioactive and rare 
elements such as pitchblende, thorianite, monazite, 
f^^r^xisonite, samarskite, and euxenite; also, in carnallite, ru- 
beryl, columbite, and native bismuth. 

The most important source of helium from a commercial 
Ji^Oixit of view resulted from the investigation of Cady and 
M^C53Farland,i who found that the natural gas of Kansas nearly 
^Wa.ys contained helium, in some samples the amount present 
^ixig from 1.5 to 1.84 per cent. It is from such sources that 
^3Dctmercial helium is being developed. 

^ ©peculations ^ concerning the quantity of helium in the upper 
liy'ors of the earth^s atmosphere have led to the conclusion that 
lyfc miles above the surface there is twice as much helium as 
Wy'^en; at 100 miles the atmosphere is mainly helium and 
l^di-ogen, and at 500 miles these two gases are the only ones to 
H found. On the basis of this theory, it is estimated that the 
mass of helium surrounding the earth would equal 11,000,- 
m , OOO tons. On the other hand, mathematical calculations ® 
indicated that a gas as light as helium would not remain 
igtmanently a part of the earth’s atmosphere, but would be 
bwly radiated into space. If this conclusion is correct then 
must be present in interstellar space, and the constant 
poxxiit in our own atmosphere must be the result of a balance 
gtween the loss of helium into space and the emission from 
Iprostrial sources. 

Reparation. — Up to quite recently the cheapest method of 
|p|a.i3Qing helium was by heating a mineral, especially cleveite 
^ynLonazite, either alone or with dilute sulfuric acid, or with 
^assium acid sulfate. When heated alone the finely ground 

t earal is placed in an iron or porcelain tube which is connected 
i eb system for absorbing moisture and carbon dioxide. The 
tern is evacuated and the tube heated to 1000°-1200° C. When 
tedl with dilute acid the mineral is placed in a strong flask 
IdL tightly with a condenser and funnel tube. Through the 
fer, 1 : 8 sulfuric acid is added and the former is connected 
a pump by which the evolved gas is removed. Usually 
yield of helium is obtained by heating the mineral with 

Am. Chem. Soc. 29 1523 (1907). 

. JBC- Jeans, Dynamic Theory of Gasesj chapter XV. 

^ton.ey, Chem, News, 71 67 (1895); see also Chapman and Milne, Jour. 
J^^efteorolog, Soc. 46 357 (1920). 
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sulfuric acid. Approximately a liter of gas may be obtained 
from 200 grams of cleveite at an estimated cost of about $5. 
After long and patient effort, Onnes obtained about 2 cubic 
meters of helium by heating monazite sand. The cost ha/ 
been estimated at approximately $1600 per cubic foot. 

When the method of liquefying air was developed sufficiently 
to permit the use of liquid air in considerable quantities, helium 
mixed with neon was obtained from the first fractions in the 
commercial distillation of liquid air. Obviously no very large 
amount of helium can be obtained in this manner unless the pro¬ 
duction of liquid air becomes a considerable industry. This is by 
no means an impossible source of helium, since it is now seriously 
proposed to use liquid air in the operation of the blast furnace. 

During the recent war a sudden and insistent demand for 
helium arose because of the desire to equip observation balloons 
with a light non-inflammable gas. This suggestion was what 
would normally be called a purely academic ” dream, since 
the largest amount of helium ever collected was probably that 
obtained by Onnes. The cost would be prohibitive. But the 
U. S. Bureau of Mines recalled the presence of helium in the 
so-called wind gas of Kansas as reported by Cady and 
McFarland. The need was urgent, and without time for suitable 
preliminary experiments the government erected plants for the 
recovery of helium from the natural gas of Texas and vicinity. 
The effort was successful, and at the signing of the armistice 
150,000 cubic feet of helium, enough for three or four ob¬ 
servation balloons, were ready to be shipped abroad. 

The work continued for a time, since the importance of 
helium in aeronautics is fully recognized. Dr. Manning, for¬ 
merly director of the Bureau of Mines, estimates^ that it is 
possible to obtain 6,000,000 cubic feet of helium per week 
from American natural gas, provided the process of separation 
is perfected to the degree that gas containing 0.35 per cent 
helium can be utilized. It is also pointed out that the stipply 
of helium is evidently decreasing rapidly and in 20 years the 
present available supply of helium may be exhausted. It has 
been suggested^ that the beet helium-producing gas fields 
should be sealed to conserve the supply. ; 

tnd, and Bm. Chem, 12 821 (1020). 

* Dr. Joseph B. Am^, chairman of the National Adinsoiy Ckimmittce on 
ASronautici. 
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Three methods ^ of removing helium from natural gas have been used, 
all dependent on freezing out all the other gases. A plant using the Linde 
process was built at a cost of $300,000 and began operations March 6, 1918. 
By September of the same year it was producing 5000 cubic feet of 70 per 
cent helium per day. For carrying out the Claude process a plant costing 
about $150,000 began operations some weeks later than the Linde plant 
and gradually improved both the yield and purity of helium. The largest 
plant was built at Petrolia, Texas, at a cost of $150,000, and with an original 
capacity of 30,000 cubic feet of helium per day. Here the Jeffries-lSrorton 
process ^ is used under the direction of the Bureau of Mines. In December, 
1922, the Fort Worth plant was producing 15,000 cubic feet per day, with 
a prospect of doubling that output shortly. The question of storage for 
such a quantity of gas becomes a serious problem. The cost is said to be 
less than 10 cents per cubic foot, with the prospect of a decrease to 5 or 
even 2 cents per cubic foot. Recent tests at the cryogenic laboratory in 
Washington indicate that it is possible to produce reasonably pure heHum 
from natural gas by a single operation, thus materially reducing the cost. 

Canadian supplies ^ were tested by experimental plants at Hamilton, 
Ontario, and Calgary, Alberta. The Ontario natural gas contains 0.34 
per cent helium, while the Alberta supply contains about 0.33 per cent. A 
plant with a capacity of 56,000 cubic feet of natural gas per hour has 
been designed. A modification of the Claude oxygen-producing column 
is used. * The heHum produced has a pxirity of 85-90 per cent or better. 
The cost in the Alberta field is estimated at £10 per 1000 cubic feet, 
exclusive of containers. 

Purification. — Helium is separated from the other inert 
gases by taking advantage of the fact that its boiling point is 
the lowest of all the gases of this family. Nitrogen and hydro¬ 
gen may be removed with hot lime and magnesium or calcium; 
argon (and nitrogen) may be liquefied by liquid air; and neon 
and all other gases may be condensed with liquid hydrogen. 

Purification may be made in other ways. (1) If helium which 
contains not more than 20 per cent of air, oxygen, or nitrogen 
is passed over cocoanut charcoal at the temperature of liquid 
air, practically all the other gases are absorbed and helium 
remains.^ (2) Helium may also be purified ® by taking advan¬ 
tage of the fact that it is absorbed by finely divided platinum, 
while nitrogen and neon are not. (3) Fused quartz at a tem- 

1 See address of. Dr. F 4 .#. Cottrell as Perkin medalist, Jour. Ind. and Eng. 
Chem. 11 148 (1919) ; also R. B. Moore, Jour. Frank. Inst. 191 145 (1921). 

2 For the principles involved in the three processes for liquefaction of gases 
see Washburn’, Principles of Physical Chemistry, 2d edition, pp. 309-313. 

» Jour. Chem. Soc. 39 252R (1920). Inst. 191 145 (1921). 

* Dewar, Proc. Roy. Soc. 74 122, 127 (1904) ; Claude, Compt. rend. 168 861 • 
(1914) ; Jour. Chem. Soc. 39 252R (1920). 

B Compt. rend. 121 394; Proc. Roy. Soc. 60 449 (1897). 
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perature of 1100° is permeable to helium and hydrogen but not 
to other gases. This method is slow but gives a very pure 
product. 

Properties. — The constants for the principal physical prop¬ 
erties of helium are given in the table on page 21. The prop¬ 
erties which make helium most interesting are its lightness, 
its close approach to a perfect gas, its close relationship to the 
radioactivity and the composition of atoms, and its absolute 
chemical inactivity. 

The density of gaseous helium has been determined by many 
investigators, the two best results being those of Watson ^ 
and Heuse.^ The weight of a liter under normal conditions 
is given as 0.1782 g. and 0.17856 g. respectively. Thus, 
helium should have about 93 per cent as much lifting power as 
hydrogen. Experiment has shown ^ that 1000 cubic feet of helium 
will lift 69.58 pounds, while the same amount of hydrogen wiU 
lift 75.14 pounds. 

As would be expected with so light a gas, helium diffuses 
rapidly, but not so rapidly as would be expected from Graham's 
Law of Diffusion. Hydrogen and helium are the only gases 
which diffuse more slowly than would be expected from the 
kinetic theory. The penetrability of these two gases through 
balloon fabrics^^has been determined ^ as between 5 and 10 
liters of gas per hour per square meter of fabric. Helium dif¬ 
fuses 0.71 as fast as hydrogen.^ Hydrogen and helium diffuse 
readily through heated quartz at high temperatures and through 
silica glass at temperatures above 300°. Jena glass is not per¬ 
meable to hydrogen but is to helium.® 

The coefiSicient of compressibility is zero ^ between pressures 
of 147 mm. and 838 mm. of mercury at 0°; that is, the product 
of pressure times volume is a constant within this range. Onnes ^ 
has determined the isothermals for pv over a wide range of 
temperature and pressure. 

The boiling point of helium is the lowest of all known sub- 

^ Tram. Chem. Soc. 97 810 (1910). 

* Ber. deutsch. phyHkal. Ges. 16 618 (1913). 

^ Min. and Sci. Press. 119 306 (1919). 

4 Phil. Mag. 40 672. 

® Jour. Ind. and Bng. Chem, 12 821 (1920). 

6 WiUiams and Ferguson, Jour. Am. Chem. Soc. 44 2160 (1922). 

^Burt, Tram. Fataday Soc. 6 19 (1910). 

8 Proc. K. Akad. Wetenach. Amsterdam 10 446, 741 (1907). 
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stances. It was the last of the so-called permanent gases to 
yield to the efforts to produce a liquid. The classical work 
of Kammerlingh Onnes ^ used 300 liters of helium gas, which 
was cooled first by liquid air, then by liquid hydrogen boiling 
under diminished pressure, and finally by passing through a 
special Hampson liquefier. Helium must be cooled to 15° A. 
before the Joule-Thomson effect will produce liquefaction. But 
at the temperature of solid hydrogen the expansion of helium 
from high pressure produces a sufficient lowering of the tem¬ 
perature to cause liquefaction. In this way Onnes produced 
60 cc. of liquid helium. 

Liquid helium is, next to hydrogen, the lightest liquid known. 
Its density^ at4°.33A. is 0.1208 and at 2°.4A. it is 0.1459. 
The temperature of maximum density is 2°.2 A-, the critical tem¬ 
perature is 5° .25 A., and the critical pressure 2.26 atmospheres. 
Liquid helium is colorless, very mobile with very small surface 
tension.. When evaporated under diminished pressure a tem¬ 
perature as low as 2°.5 A. was obtained,^ but no solid helium 
resulted. Onnes failed to obtain solid helium at a temperature 
of 0.82° A. 

Positive ray analysis^ indicates that helium is a simple 
element without isotopic modifications. On the other hand a 
study of the atomic structure has led to the conclusion ^ that 
helium contains two types of atoms, which are designated as 
helium and parhelium. A study ® of the probable constitution 
of the atoms of oxygen, nitrogen, and carbon suggests the value 
3.0011 as the atomic weight of the isotope called isohelium 
(Rutherford’s X 3 ). Helium atoms when subjected to certain 
voltages are ionized and remain in this metastable condition 
for about 0.0024 second.^ 

The dielectric cohesion ^ of helium at 17° is represented by 
18.3 as compared with argon = 38, air = 419, hydrogen = 205. 

1 Proc. K. Ahad. Wetensch. Amsterdam, 11 168 (1908) ; also Compt, rend. 
147 421 (1908). 

2 Onnes, Comm. Phya. Lab. Leyden, No. 119. 

2 Onnes, Proc. K. Akad. Wetensch. Amsterdam, 12 175 (1909). 

^F. W. Aston, PhU. Mag. 39 611 (1920). 

® J. Franck and F. JReiche, Z. Physik, 1 154 (1920). 

«M. C. Neuburger, Phyaik Z. 23 145 (1922). 

^ Kannenstine, Aatrophyaical J. 65 345 (1922). 

® The dielectric cohesion may be explained as a constant which expresses the 
relative electrostatic field of force which is needed to render the gas a conductor 
of electricity. 
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An uniiBually lonp; npark gap in thfa'ffnrc* jKigBitile in hnliuin, 
in which a spark of 25CHi(K) mm. has hrrai nlitaififal * tinder 
the same conditions as prodticaai a spark cd 2M iiiriL in oxygcai, 
mm. in air, 29 rnm. in hydntgen, and do.o mm, in iirgon. 
Ilcdiurn Hcians to have* the ability to form solicl soliitiiMiiH ivifh 
finely <lividc»d platinnm, with magncsiiiin, and proliably also 
wdth a cftnsidcnthit* nuinlH*r of iniii(*rals, Imf then* is no i*vidf*iic*i» 
of any clitanical renedion involving htdinim In a iiioh! fhoroiigh 
invcHtigation,*^ Ramsay circulated hcliinit at red lu‘at over a 
long list of materials and was aide to detiad no ehangf* in either 
constiinent. RfTorts to make ladiuni enter into cornhiiuition 
under tlu* infliic*nce of the silent cdiadric* diseharge have* herui 
unsuccessful. It is therefore evident tlait hiditiin is unable to 
enter info clannieid n*uetions of tla» usual typi*. 

Uses. —- Tlie most siaadaeular iiHi» of Iieliiifit is for filling 
balloons in tiinr* of war. Tlie cost is still consideridde, but the 
advantages an* numeroiiH. Its total noiM*oiiiliustibilify ffiiikf»s 
it {lessible to build a dirigibk* balloon more coiiipacfly }sa?iiusi! 
fear of sparks from tla* motor is remcmal. If. hiis stiggeslial 
that it would fa* {Kissifdi* to mount a miirbine gun on tlie top 
of the gas bug. In order in df»c.Tease ilif* cost., it lias bf!eri firo- 
po«»d to put hcdiiim info tfie compartitieiiis wdiicli are i^itKised 
and hydrogim into other corn part merits. Aiiollier pliin is to 
ink hydrogen with 111 * 111110 , since it has }s*eii d«uiiorist.riiteil lliiit 
aa much as 20 iM'*r cent hydrogiui is nwded l« |iroiiin»e an explo¬ 
sive inkturi!.^ In a test flight early in f)eceiiilii*r, 1921, 

IJ* 8* naviii alwhi}> €*-7 demoristriitial itie priotficiibility of 
heliuin-fllled dirigibles. In the flight froiti Iliiifiptiin Rofois to 
Washington and return it was mtmmmury to Irw fifty liefiiim 
by valving, iincl the men irt cha.rge mpori thiii gmiti»r wm 
devekipal and the ship fniineiiveml iMdter tfiiiii wlieii filled 
with hydrogen. The facd that tieliiim in a |asiri*r eojaiuctor 
of heat than hydrogen diminateci niiieli of the dillieiilly iirisiiig 
from vari&tioni in the lifting power of diffmmf. pirllfifw of I lie 
gM bag, io the airship respofided more defltiiiely t«i its eotitrplsd 
There are certain pniblemi ki Im tivercoirie lii?fore lelitiin 
«ii bi eiillitil an icleal ppa for Wit in Wloofis. Ik aeiirdty 

* «fjii MMmmft Bm* ^ CliW* 

»limfiwy ttiitl it M f liifll. 

»Jmr. Ckm. ike. ii m E Cli«l* 

Clwtt* m4 Mm. *11111 firJl), 
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makes the cost extvomdy high and prevents the valving of the 
gas when it is desired to cksscunid or to <frd!iite the giiH tmg* 
The relatively inexpenisive hydrogen is allowed to iwiifa* into 
the air, but hediurn rnnst h(‘ eornprewai into <*ylindt*rs, ri*ptiri- 
fied, and useal ov<‘r agaiin Kin(‘e the lifting peiwer of lieditnii m 
less than hydrogeai, a haIl(K)n whiedi Ls to une* the? fc>niM*r giiH iitiisf 
have a gas l)ag ai)proxiniately on(‘-tent h largm* than wotdel be 
r(‘quired in a hydrogcni balloon. If an alt ittide* of 10,(1011 feel m 
to Ik? reacdied, as is n(?eessary in (‘rossing tlu* Koediy Mountains, 
a helium gas bag <?ari only l)e‘ filleal to 70 pea* etenti o! its c^apiicnty 
to provide? for tlie (»x|>ansion of the gas at the‘se* altitii<l<‘S. Ih*- 
vices are being plannesl for eomf)r(‘Hsif)ig the* gas, but these* ine*iifi 
increased weight, deereaHcal fued ea|)a<dty, and a ctorre*s|>oriding 
limitation in crnising range*. 

The most important sedentific tise* of hedium in j>roliiil>ly in 
connection with studies in radioaedivity aral <»xtreniely low 
temperature work. A study of Indium will ini«louhf4*dly throw 
light on the nature? of raeliat ion, atomic st rind lire*, and other 
related prol)Ie*mH, At the* fe*ni|K*rature* of liepnel heliunii itrti 
lead, and meretury lose? thedr id(a;trit!al rcmiHiam*e; ftir fixainplfi, 
a thread of ine^reniry, %vhi<?h has a rc*sistane*e f»f Mevf*nil hnndred 
ohms at room t.emi'H^rature*, whe*n (*ooIed to A. has less tfian 
two t(?n-billionths of its zoro rc*sistaric*e* Other tiiteresfiiig find 
valiial'de n»sulis may !k? (»x|K*(d.ecl from thf? iihi* e»f lieptid Indiiiiri 
in the cryog(*ni(! laboratory at WaHhingtorn 

As an inert gas hedium is nse^fiil for filling itingsteii Ifiiiipfi 
which are to Ik:j uhihI feir signaling, lM*eaiisi* of ila* rapid ilirriiriiiig 
which results. IIe*lium are? lights give an intense red mid yidleiw 
light which has certain advaniagf!S over the iinaamry viijior 
lamp. In Oeissler tulwfs lie^lium ftiriiishf*s ii gcii.al sliiiidiifd 
light in sp<*ctrof)hotometry. 

A number of otli<*r applications have lM*eri suggested, stirli m 
its use in mixture with oxygiai for <|eep-sea divers, ifn* piir|«t»e 
of which is to pfoforig the jKTioel of subiiiergeii«*e by «*iiiiiikig llte 
more rapid axhiilation of carlKut dioxide*; to repliiee oil for 
surroiincling switedies and cireiiit brf*iik««rs for 
electric transmisifiori linens; fe^r filling tlieriiiioiiie fiiii|ilifyiitg 
valves of the ionir^ation tyfie. 

BctecUon.. — Ileliiini Is iletecti«l by its ifiiwtrnftt, mml 
lija« Imtig the I>i Mae which l««l to the cllawvrry iif ili*? mml 

408 

tvta3i 
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prominent gnM'»nlifieX 'riien* nrt^ umny in tin*' gprefriimj 

wIioKC^ infennity varien with tin* iiroHHtjro, 

If the Miimple nntler esiaminatiofi rantmm aflwr fliari lioliiiin, tlieHf* 
iniiy Im* <*fTi*efivc*ly removrti hy I'fH'oamit ^'harmal rotifi^d wjlti lii|iiiii air. 

Estimation. ■ I'he pnrily t>f a Mrrain »»( mav i«* «’*iiitiiiiifiii,??|y 

rmjrded hy nn iiutomnfif devire do%ad««p**d nt Ihr l \ 8. ul Htiiiiil- 

aniil. IfH opf*nifiofi ilepfaifh iifion lie’' tln-rmal ri»ii«hit'*fivity of tlif^ nun, 
Wh(‘n only tw'<» art* pr«-«f'n? the !ipparatin4 uivi'^ ari-iiriiii* reNiiltH; 
connecinently it^ Ht’rvieeattle jn deidmg wiifi hrlonn <tf a piiritv Ttt 

percent, wnrt* iiitroK**n fhetmlv ifiipnriti,' m fmrh iiiiift'riah 

A rapid metlmd of the aiiifoint tif helinni m it trii^fiire m 

Iwml nptm tin* rnpitiitv with wdarh ih»* IImivh thr*»ii.|ih ri iiiiiinli* hnli* iii 
fi pirn* i>f platinum foil, 'tla* imUruriirnt in rhUhr:%U*d siujuiini pure nitro” 
l<<*n iirni ii deferminaf am reqtiirt*^ 2 >l finiiute.?*. An areuniev of I 2 pf'r 
c(*nt iH in ii ^j%h ermtiiiniiig *t'l rent tjf more «f hiduini and only 

mm other 

Kkc)N 

HIstorktI. Am 14#will nn it l*4*riitn«’ oVi*|rfif. that hrlitifii ?irit| firpjfiri were* 
mtirnh,tri4 ii %t*m group of rirmrnt.«, fwmrrli mm iiiiult** for iiii rlfuiirnt 
wh*«j fiionnc wiughi wimid plure it b-iwnui ludiuiii fiipl iirioju mid jiint 
ladofi! Koditirrn F«ir tlik |mr|«iHr IH at utmrn gaa prrpHrril friiiii 
liqiiid iiir iind romlrnwal a hpml Jlr di»*'till?ifi*#ii« «if tlii« liquiil 

the iiIcMirnt. niam Cfroni th** <'^#**4 m*m\ fia'amitg nrw*’| 
from till* nuifr vrdniilf* iwiriitm. The w^itu imt iiimn oliliiiiu^d in piiro 
fcinii until llltll; riiumiuiuilly, ita drv«d<»|inimit- Inw i«'*ni very »lriw* 

Occurrence. Nmiii inTum in llu* in iirii|icirticiii 

of orio voluoii* U) iilMiiii riodMMI v#diiiiii*ii «if nir. It- hm iil«i 
clftteclod in i^itno Hiirtiiilrn nf rtiilyriil %im iiiid in l!if* t^vcilvffl 
by aertiiifi licit nfiringH, 

Separation. -■*■■■• Mi^ori m flirt ililficiilt thn mn* In 
obtidn in ptirn fomi, not only ln^riuiM* it in prwuit in Itia nir in 
¥C!ry imiill iirtioiiiitu, lint al^i bauiiim* it cfillt^clii in tilt:? inicifllr* 
friii?ticiii« wliioti iirn ttii* itionf. iliflieitit to 

Several mmiifscatitjna of Ilnniiifiy’a iiieltital of friieiioiiatioii 
have Imhiii ilnvim**! and ui^ai to m*pmmim iimn. "Hie tiii»t- 
aiieei^u! method fur working with n liirge aiiioiint of iiiiileriitl 
%mn a iiioilifimtkin of Ckntlidi lippuntliw, in n^hirli friiftiiiiiii- 
tion k accfiiiipliiilirttl by a fmetioriatiiig mimm* By t!ii<^ mimm 
all the hydrogen, helkiiii, and nmm of tht* air tin* w^{iiiriit4*ib 
with Home nitrcw^fii w the light gaa. From tliini m 

rtniCIVad bv hut nr erilif f*lifirf¥tttl 
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to use the selective absorption of charcoal coolral in liquiil air, 
devised by Dewar. Charcoal cooled to ICMf (\ aJiHorh.s 
krypton, and xenon compleh^ly, l)Ut scarcc^Iy abHorlm hi*Iiuni iind 
neon at all At a temperature of •— lK(f to — HKf (lieon ifi 
absorbed and helium kdt in kjl^couh stab^ Frcan the ehairoid 
the occluded gaH(\sare easily obtairHal by raising t he ieinperatiirf*. 
If nitrogen is present it also may l)e nunovcal by cooled chnrcoitli 
since it is more? n^adily alxsorlxal than either neon or lieliuiri. 

Properties. Noon n*seinbIeH hc»lium closely, Iiut shtiws a 
greater variation from th(‘ exp(‘(^ted valties tliim any oilier 
member of the family. (Him* 'rabic? VII, page 21.) 

Watson ^ has dd.ermined that a liter of iKHin wcnglis (1.1111(12 
grams under normal conditions. Tliis corn^spomls cdosely to 
the accepted mol(‘cular weiglit, 20.2. 

The dieleetric^ coliesion of pun* neon at 17*^ is fnii, inticli below 
that of helium ami the lowest for any gas. '‘HiiH value is 
materially raised by the pres(*nc{» of impurities; eiinHeffiifaifly, 
the purity of any samph* of nc*on may be judged by the ilefer- 
mination of this eonstunt. 

Neon diffuses tiirough (luartzat ICKKf (I, hut !<*sh n*iidi!y thnri 
helium. 

When nmn is shakcai with mercury or ln*ftt,f*i! iinef|iially a 
marked nal glow apiM'ars. Tla^ explanation o(Teri*d for this 
curious ladiavior is that fh<*n» is d#*velo|Ma! a difTerem*i! of 
potential which is Huffieir*nt to firodiicf* a glow in the ni^firi on 
account of its high conductivity. 

Neon may he Ikiuefied at atmoHjdieric I'mwure by siirroiiriii- 
ing it with lioiling licjukl hy<!rogen; it may also la* solidified 
by allowing the hydrogen to boil under diminislied pressure* 

Using his positive ray linalysis, J. J. Tfiontsoii fins nimwn 
that atmosplieric neon contains f.wo isot,o|M*s, ora* with ftri iilriifiic 
weight 20 and tlie othc»r 22. This mmimimt lias lieeri cotifiritied 
by Aston, who obtaiiaal evidmice of two j«ot.o|ii:*« of iiioiiije 
weights 20 and 22 in profw>rtion 9 to L This iiccotiiits for llit* 
accepted value of 20.2. There! is also sorrn* evidericf! of it tliini 
isotope' of value 21, comprising idamt I |a*r mmi of Hit* wfiole, 
If this conclusion is confirmed this would furnish mu 
triad somewhat similar to thosr* found in Orotip ¥111, 

■* Tram, Clrnrn, Hm, tT um ClttKip 

* Naims, m mu (ima); fm. Mm* St w 
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Uses. —Several types of neon lamps have been designed,’ 
the advantage being that the penetrating red rays are valual)!* • 
for signaling. The light is produced by the glow discharge t. 
the cathode and the intensity is dependent upon the area of tl**! 
cathode surface and the pressure of the gas. With a voltufs*: 
of 220 the glow begins instantly, and when used for stroboscopi *' 
work the working flash has a maximum duration of one tw< »- 
millionth of a second. Such a lamp has great value in measurin « 
the velocity of revolution and in many other engineering prol »- 
lems. The economy of the neon lamp is shown by the stal l ♦- 


Window'^ 



O't/isJtr tubr pJied 

Fig. 3. — Spark Plug Tester 


ment that a Moore tube filled with neon containing a little* 
helium consumed 0.26 watts per Hefner candle, while a similii r 
tube filled with argon consumed 45 watts. Lamps containiniiC 
as much as 25 per cent helium are as efiScient as those contaiii*- 
ing pure neon. Various electrodes are used, iron and aluminiui 11 
being the most common; an alloy made up of 82 per cent, 
thallium and 18 per cent cadmium is especially successful 
the cathode. The lamps burn for 2000-3000 hours. It hn*t 
been found ^ that a neon lamp produces one hundred times ii jhi 
much luminosity for the same current consumption as can 
obtained with argon. 

A neon lamp ^ has recently appeared on the market which i 
recommended for use in halls, hospitals, and other places whei"« * 
subdued light is desired. It is rated at about 5 watts and i m 
supplied for both direct and alternating currents. The ecofi** 
omy in its use conqies both from its long life and the saving (*f 
electrical energy when compared with the present metho<I#i 
of producing reduced electrical illumination. 

The ease with which an electric spark wiU pass througli 
neon has been utilized in devising a spark plug tester for umt 

^ Elektroch&m. 24 131, 132 (1918); Ehktrochmn. Z. 40 186 (1919); F. W » 
Aston, Proc. Cambridge PhU. Sac. 19 300 (1919). 

* D. MoF. Moore, Jour. Am. Inst. Elect. Eng. 39 732 (1920). 

® Phillips lamp,* see EUefyriman, 87 25 (1921); another type is the 
lamp, described in Elektrochem. Z. 42 121 (1921). 
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with internal coinhusf ion on^»:in(‘s. Thene little* iiinf rtinierit« * 
are serviceable not only for locating ignition troiiliI«»s in tin 
automobile*, but also an* sugg(‘stc*<l for use* in a fne-f eny w!i<*re 
the dc*v(‘lopinent of fric.tional f*lectricity by the* moving ma¬ 
chinery might cause a <lust (‘xplosion. 

The neam spectrum lin(*s are sliarp and furnish a gooel stiiiid- 
ard light source, (*spcaually lK*twfu*n 3100 A. and 3020 A. 

Detection. Neon is idimf ificul i»y its hrilliarit spiictrinn lilacs, espcciitlly 
prominent in the oranges and nui regions. 

AliOON 

Historical. -Xn 1785» CavendiHli pu!»lish(‘d ^ an artiele deseriliirig ftn 
experiment in wliieh he passed an <*leefrie spark through a volume of air 
mixed vvitli Jin exeews oxygen anti ahsorlnnl the prtHfuets in an alkaline 
medium. After nanovingall the nitrogiai the residual oxygen waa rdmt»flieih 
whc*n there remaincsl a gas whit^h was iieitlier oxygen iit»r nitrogen, C ’iiven* 
dish estimated the amount of this gas to he n<it mor<*tfiaii fin the total 
nitrogen. This exp«*nment was hirgotten for over a eent urv, 

In the years 18fK'M)ri, Is'ird Itayloigh was studyirjg the weights of varhiiw 
ga«*H from tlifferent sourei's. A litc*r of nitrogen from tin* air weigliial 
L2572 g. while nitrogen imtpared ehemieally weigh*?d 1.2,7110 g,. per liter* 
The (HfTerenee was mueli larger titan the e.xperimental error, and an exiiini* 
nation of tlm eliernitail ” nitrogtat fitiled ht show the presenei* nf iiriy light 
im|>urity. ,^0 tlte <!tmt*h,mion was rieeessary that tin* atiinwpherie ** 
nitroge.n must eontairi sons* efUistituent heavier thim nitrogen itself. With 
the cc>{)|H*ration of Hir William Ramsay, and tint suggestion furrnslpal by 
Cavendish's experienee, it was diseoveria! that when nil the kiniwn eon* 
stituents of the air were ntmoved th«»re always remiiini^d ii residue wliieli 
xvai proportional to the volume t,if idr tise«L Idiis residiii! was slitiwii * 
to differ from nitrogen laitli H|s*etrfmef*pieidly arifl ehernieidly m well m in 
density. The new gas was named argon, nieitning ** in«*rt/' tiei-iiiise of if.fi 
chemical inactivity. I1iis discovery him laatn spoken of as the *■' IVltiittpli 
of the Fourth Decimal/^ liecauscof the ex|airiencrs ieinlirig to lliif iititititiitw*- 
ment 

The year 1S94 saw the dimtovery of Iwith argon rifitl Indium, hut the foriiii^r 
was deiiiitcly kolatiMi grime months laffort* tlitt latter, iiitriiediafelv iheie 
mmm & qmmtkm aa hi the position of at^on in the |M*rif«iie tahlir 11 ih 
prohlcm l>ecame all tlio inorw piisj^sling Imeaiisf* of the fiiet flint argon ii 
higher atomic wciiglit than I'lotii^itiftt which it pmviim. 11ie ilint 

argon ihoulci Imi pIiKied In Qmnp Zimt ta*fon» laiiiissitim naadved f-oiilifititt* 
tion from the cii»c:»viiry of helium, but the status of IsilJi eltuiietif wife liot 
fully «tahliihecl until iiftnr the dketovery tif the other of t hi» grwip. 

arid Mil. Mn§, M 7tKt ; Jmir, tmi^ mmi Mm, li Itm 

Cl.lt22). 

« FM. Tmm. Ti :i72 (ITSi). 

* fiayWih. aad Eaiaw, FM. Tmm. tSi li? C-tii7h 
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Occurrence. — Argon is a very constant constituent of the 
air,^^of which it comprises 0.94 per cent by volume, which is 
equivalent to 1.18 per cent by volume of atmospheric nitrogen. 
The per cent of argon varies only sHghtly in samples taken from 
various localities on land, but over the sea the per cent of argon^ 
is slightly more,^ up to 0.949 per cent. Altitudes as great as 
3^ miles have failed to show ^ any material change in the quan¬ 
tity of argon present. The fact that argon is more soluble in 
water than is nitrogen accounts for the fact that the proportion 
of argon in dissolved gas is greater than in air; it also probably 
accounts for the fact that argon is found in plants and in the 
blood of animals. 

Argon is likewise a constituent of volcanic gases and gases 
from mineral springs, where it sometimes runs as high as 4.5 
per cent. It is found in certain samples of natural gas, and a 
few minerals, mainly zirconium ores, yield argon when heated. 
The atmosphere is supposed to be the original source of argon 
in nearly all cases. 

Separation. — Argon is always prepared from the atmosphere, 
the methods used being more or less simple modifications of 
the methods used by Rayleigh and Ramsay.® From atmos¬ 
pheric nitrogen ” the nitrogen may be removed by hot 
magnesium, lithium, calcium, a mixture of 5 parts lime and 3 
parts magnesium powder (Maquenne^s mixture), or a mixture 
of 90 parts calcium carbide and 10 parts calcium chloride. 
Argon for electric lamps is purified ^ by passing the gas under 
increased pressure through electrically heated furnaces con¬ 
taining copper and copper oxide. Commercial oxygen generally 
contains ® about 3 per cent argon, and this may be recovered by 
distillation and removing the last of the oxygen with hot iron 
or copper, and the nitrogen by calcium turnings. 

Prepared in this way the argon always contains about 0.25 
per cent of the other inert gases, chiefly neon. These are best 
removed either by fractional distillation of the liquid or by the 
fractional absorption in cold charcoal. 

Properties. — The constants for the chief physical properties 
of argon are given in Table VII, page 21. 

^Moissaa, Compt, rend, 137 600 (1903). * frans. Chem. Soc, 71 184 (1897). 

* Sohloesing, Compt. rend. 123 696 (1896). < Chem. and Met. Eng. 25 74 (1921). 

® Bodenstein and Wachenkeim, Ber. 51 265 (1918). 
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A liter of argon weighs 1.782 grams, corresponding to the 
molecular weight of 39.9. 

Argon is about 2^ times as soluble in water as is nitrogen. 
At ordinary temperatures 100 volumes of water will dissolve 
about 4 volumes of argon. 

Argon diffuses through a fine opening about 3-| times as fast 
as would be expected by comparison with oxygen. 

Argon has the highest viscosity of all the principal gases — 
about 1.2 times that of air. 

The dielectric cohesion of argon is 38, ranking next to helium 
and neon. The sparking distance in argon is about 40 per 
cent greater than in air. A phosphorescence similar to that 
obtained in neon has been observed. 

When a continuous current at 2000 volts is passed through 
argon under diminished pressure, a red glow results; but an 
oscillating current produces a blue color. Two spectra are 
therefore recognized, the red and the blue. Both contain a 
large number of lines. 

Argon is easily liquefied by the use of liquid air. Liquid 
argon is colorless, with a density 1.4. Solid argon, obtained by 
cooling the liquid, is a white crystalline substance whose melt¬ 
ing point is less than 3° below the boiling point. 

The chemical inertness of argon has been demonstrated by 
even more tests than were used in the case of helium. The 
results are all clearly negative with the possible exception of 
the effect of the silent electric discharge upon a mixture of argon 
with volatile aromatic compounds.^ Argon was absorbed under 
these conditions, but there is no evidence of the formation of 
any compounds. 

Under pressures of 150 atmospheres pure argon is said to 
condense with ice water, forming a solid crystalline hydrate. 

Argon has been shown ^ to have two isotopic forms, one with 
an atomic weight of 40 making up 97 per cent, and the other 
with an atomic weight of 36. 

Uses. — Argon is the most efficient of the available gases for 
filling incandescent light bulbs, because of its low thermal con¬ 
ductivity, its inertness, and its density which holds in check 

iBerthelot, CompL rend, 120 5S1, 1316, 1386 (1895); 124 113 (1897) ; 129 
71, 133, 378 (1899). 

2 Aston, Phil, Mag, 39 620 (1920). 
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the vaporization of t.he tun^nten filament and prolorign its life. 
(>)nBe(|uenf,l}% tliey are eHf)eeiaIly servircaiblc* in lainpB whieh 
a..r(‘ to 1)0 wit.h an eleetric^ cnimmi «>f hifih clennity. (iils- 
filled lampa arontpi<ny repla.eing the viifaiuni lanifiH on aecanint 
of the* ap|)rc*(aa!)lc‘ «‘eonomy in tfiear urn*. llou|^hl\% lialf tlie latiifs 
Hold in 1919 wc‘re gan filled, ami of thene argem lampH were mont 
effieient for (airrents of high deunity. In Deeemlier, 1922, it was 
eBtlmated tlnit.'7o,IMK) euhi<‘ fet*i. cd a.rgoii were eoriHiinied in the 
United Statc*H cait'h month in the niiiiiiifaetiire c»f ineniideH- 
cent Iarn|)H. The “tungiir'' reetifier, a ehargiiig deviec* iiHirig 
a tungBten fili.iin(*nt in an argon bulb, in iiko rapitlly iM’ooming 
popular. 

Patiction. Argon in eletec*fod «pec»tr«m<*opieally, l»»t f lie rriinplete 
removal of nitrogf*ri in eMmmtirtI, »inc*t* it« pri‘.Hi»rifi* oi»8i'tire#i flu* rfiiirrtffer* 
mild iirgr«i linen. Am rmirh iw .97 pi*r rent iirgori in iiitrogoii mn miih 
difliriilty br^ dett*et4‘d by the H|>f‘f»froMro|ie. 1lii! purity of iirgoii itiiiy t>i^* 
inclimit4»cl l)y the determination of itM dielertrir eoliemoii, 1 per rent 
of any diatomie giis itiareimen tliin 2iH |>i‘r rent. 

KiiTrroM 

Hiitorictl. When Eiimmy nrid TriivefM wen* worlciing upon the nepii- 
mtim of iirgon, they fmeticmiited * 90 lifers of lifinid air* iifid from the Iws 
viiliifilt? portloiii they nepiiriifer! ii giw wliieli lieliiiin, iiwifi, iinil 

arg<>ii in panernl <'ltfiriieteri«tieM. TIOm find ii fleiwity 22.li on the 
cif il • I, and gave fin entin*ly new «|ieet.riiifi. Iliw giw %vm iiiiinefl 
kJ^pterii itie hldtleri element. liodenlMTg niiil lirllgid * evitfiiiRiteti 
litew of Iic|iikl air aiifi obtiiim^l the Mitnie 

OcciiiTeact.---Ki^^piort m Umml in flii» atiiioHphere in tlifi 
proftorymi of nlwiil I part in It. m preHiuif. in 

«lighily IitrgfT itrtifiiiiitg in the ginK'ii pvoIvf*d fmiii aniiuin riiin- 
eriil ipringfi, 

Septrttiioa. ~ Krypton bm mwt^r Imm ci!>|iiiiif!ci c!iei*fit from 
thff iitmmpbmh A oonvoniemt inetliiicl of w^ianitioii ecuiHiHln 
in pfttwing a nhiw Btmmn of dr^ oiygfTi, wtiiidi lifw tieeii itiii- 
termlly enriehod by fftictionaiion in ii air phiiit, Ihroiiglt ii 
tuk^ eoriled with liciulcl iiir. In fli» wiiy kry pi on iini! xoniin 
togidlifr with a littte ti^on aoncbti^! m ii ifjiiki <ir ^iliiL 

l%ro krypton tiiiiy bo pi^piirwJ by ulowly wiifiiiiiii tliif noMd 
iriiictitri! find pumping nwny thn gim first lit“M*rati*d; ffiiirrniil 
ea)M to — 12Cf diwoivti itU th« kryploft iiiici iiuioii with only 

* Frm. Mm. «t 4§i Cl»«b 

^rmm* AM. fifiMII, 727. 







XKNON 

a little argon. The latter in removed hy c*xpoHun‘ fre^h 
charcoal cooled in licjuid air, and krypton in theri expc^lled by 
allowing its bulb to warm np to •—S(f (b Hepeabni fnielionit- 
tion is essential for ol)iaining pun* kryi)ton. 

Properties. For th(^ prin<'if)al physic^ai ca)riHtnntH see Tfilile 
VII, page 21. The deaisity of krypton was dc^tennined * front 
the purest material obtained by th<^ fractionation of 120 tons 
of liquid air. From th(* data obtained a litcn* krypton tveigbs 
3.708 grams. The molecular w(*ight is then‘f(trr‘ cabnilitftal to 
have the value 82.92. 

The spectrum of krypton shows mark(‘d p(»culiHriti(*H. Wln*n 
the direct discharge is UH(‘d tlu* lines are f(*w in ittiinber mid 
chiefly in the yellow, blue, and green, by tl»» use of ii. I^'yiiiui 
jar and spark gap a large nurnbiu’ of Iilue lines an* viHiide. Thi* 
most persistent line is X 5570 which may Ik* hikui at pres- 
sures as low as atmospherics. It was formerly su|i|>osed 

that the weird beauty of t he aurora bori*aliH was in piirt dm* to 
krypton, since the lines of this idemmit wm-e fhonghf to luive 
been identified in the sfMKttrum of th<* aurora. Ilec«*nt invest 
gation Bcems to cast doiilii upon this conclusion. 

Since krypton has a boiling point of —iribbTCb it is eiisily 
liqucdiial at the tc*m|K*ratun* of liijuid air. 

Krypton |>rohal)ly has six isoto|K*s, whose atomic weights are 
givenas 78, 80, 82, 83, 84, and HtL 

Identification. -- Krypton in tdentified by its cliii.riictert.fftif jipcrtriifii 
lines, llio c|iiantity of krypton in any giwi aiay Im dcti^riiiiiieil * by niieetrfi- 
photoinetry. 


Xehoh 

Historic*!. - ' The dificovery of »*nfm wiw aiiifle at tlie mitiie fiiiie niiil 
in the siaiir* irivcHiigiition that ntvitiihwl the premaiee of krvptiKe 
whicli k himviex thini iniy of the pret'wling riolite wm 

froiri tliii Itfaiit vcilatile tiartiorw «>f Ittpiiil iiir, Ttiii iiiimi! ii 

stnwigtfr. 

Occuixence. — Xenon in the mnmi of the irieri giiaes, ludiii 
ftiimd in tfie iitiiiosphera to the extent of iipproxiiimtely 1 voliiirii^ 
in 17(),(IK),()CI) voliimiis of iiir. Its soiiihility in witter k greitler 
tlmn any of the other mmnlmm of the group excitpt iiikitt, wliieh 

* Mc»re, fmm, Hm, ft CIWS|, 

* Aitoii, Phil, Sf (IirJI). 

* M.mmm »iid Lupiiptf, r««4. If4 HIW 
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explains its presenee in the of many ininc‘raJ npringH.* 

It is isolated only from tla* utmosphc^n*. 

Separation. - In Hjale of its scareity, xcnion is c|uite easily 
prepared in a pun* ntatc* heeaune it in eoneenlraJial in flte haist 
volatile fractions. "I’he s(*f)arati<fn may la* ac'caaiiplished hy 
the fractional distillation of consitka-ahlf* (|uantitif‘H t^f liquid 
air as migg(*Ht(*d und(*r krypton. The nawt convmiient way c^f 
getting xenon is hy passing li(|uid air residues through a tube 
filled with glass wend and cooled hy Iir|!iid air. By carefully 
regulating tiu* t(*nqH‘rature and pn‘HHure it is possilih* tc» olifain 
solid xenon with only small per<*eniages of othcu* gases oerliided. 
Th(‘ vapor prc*Hsure of soli<l xenon is «»nly 0.17 mm. at llir* lean- 
perattire of licpiid air, so it is fairly easy to pmn|i ofT all tmm^ 
volatile gases. The small fraefitm cd krypton whieli is en¬ 
trapped may l>e almost entirely removed f»y nadfing the* solid, 
Hum repeating tfu* prcK*esH. 

Properties. (iHia* 1 able VII, page 21.) 31ie drmsify c^f xenon 
was determined by Ilamsay and 'FraverH ® working with only 
3 ec. of tin* gas. Bui the value otilainful by Moore, using the 
purest prodiKd' frotn fus 12C) ions c^f Ii(|ui<l air, is far more 
accurate. His work giv«*s tlie weiglit of a liter at standard 
conditions as 5.851 g. Hiis corn^sjumds to ii iriolraadnr weight 
of 130.22. 

Like helium and krypton, xenon has two spruitrii, de|M*nding on 
the method of production. An uncairidc^nsral cliscdiarge through 
xenon, gives a light blue* cailor, while* a condeiimal discdiiirge pro- 
diic?i!S a grerui. The liru*s in the latter are es|M*eiiilly niimerous. 

The critic!a! t4*m|M*ratiire of xenon is Iff.!} fiBove tlie rnelttiig 
point of ic*e. (^“'orisi'^quently in a cool .rcMMti the gii« may Imi 
condensed without artificiiil caailing, a pit?«iire of i8.2 iitriifis- 
pheres being iieci^iiry. 

Lki'iiid lenoii is eolorlei»i with ii density of 3iB at its laaliiig 
point, IMfA (1 The density varies widely with feirip*riit4ire, 
bdni 2J94 1-987 at 0% and I Am iti Iff. 

Solid xenon is easily pre|mrecl hy ixuiliiig the licfiiid. 

Work with II snmil amount of irripiire xenon tiiis le«,l ^ to tlti^ 
conclusion that the element is known in five isotopic frirtiis, 

* M 0 tir«i md mM, Hi 1171 (IWb 

* PhU, fmm. Iff 47 (IWl). 

» M«f. Sf 02 a (IHai). 
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Identification. — The detection of xenon is aecomplislied l.y its clmr- 
aeteristic spectrum lines. The qiiantitative deti^nniiiiifinn ntiiy hi: (htiie 

by spectrophotometry.^ 

Niton ^ 

Historical. — In studying the f)h<‘nornona of riuiir>af?tivily the 
observed that nearly any Hiihstarice when hrcnight m*ar f o radium aca|iiirrd 
an induced radioactivity. The int(»nsity of this induced rfidioiit‘tivif y wfiii 
found to be proportional to the time of eKp<mures up to a eertaiii itmif , 
and decreased rapidly after the radium wan naaoved. Kuf herford atialied 
this behavior and found that the phenomenon was dui* to the eontiiiuiuirt 
evolution of a colorkiHs Hubstanct^ whi(*h wjih highly radioartivis 

This substance Ixihaved like a gas, l>ut llutherfc^rtl proposed to ciili it an 

emanation ” since at first it wjis not (!ertain that, it was to f>e |jropt*rIy 
designated as a gas. Careful study has, however, r(*vealc*d (*onvinring 
evidence that it is a radioaetive gas, r(»H<anbIing the iut*rt giwes and properly 
placed in the Zero Group. The name niton has turn pretty gtuieridly 
replaced the forrrajr name radium cananation. Isot.opit! wit h nihm are the 
gases actinium emanation and thorium emanation. 

Occurrence. ~ Niton in probably prewni in all nulifiantivo 
minerals, but always in infmittssirnal ainounts* Hineo it cUh- 
integrates rather rapidly, it is always a tranHiticm |trodunt, 
in equilibrium with the radium pn^muit. Hima* f fdH ehuiierit m 
itself present in very sniall amounlH, the c|uafitity of ftiton in 
any mineral must be excuKKlingly small. 

The presence of a radioactive gas in the af rncmpiherc* lia« Iwam 
demonstrated ^ by the simple exposun* of a iH*gativeIy eltiirgeil 
wire. There was collected upon tlu* win? a d«*posit itsidf 
radioactive, soluble in ammonia, or remr^vahh* liy rtihliirig. 
Study of this deposit has shown tluit it is a mixture of solids 
including radium A, radium B, radium (', efc!., and tliorititti A* 
thorium B, thorium (', etc. substances are olilnined 

from the emanations of radium and ihoriiirtu The projiortioiii*i 
of the two vary consideral^ly in various Irauilifies, Imi in gf*rti:*riii 
the proportion of nitxm is greater iii higher idtitmleH iiftii Ifif! 
amount of thorium emanation increase’s at lower hwels. Thif 
amount of niton present in a cu!)ic meter of 'air is eHtimiited tii 
be that which would be in e(|ullibriatn with LOX griiiris cif 
radium. 


^ Moureu and Iictpai^©, CompL rewL 174 

* The newly organi»d International Ckanmitlwi on Klriti^rit* riv* 

ommends th© name radon, with Hyird>ol En, fnr tin* furitirrlv 

niton. €hm%, Nm$, 12S l4l>dl02S) and 4$ Wi7 ( tm*lh 

^ Ruthfirford and 4 (vi) 70«n^<MI2|; Athnt, f tvll 

140a9CNI).. 

I C* I 

i-z Y '-,,1 

\ ^ /rn>l 





40 


THE ZERO GROUP 


Separation. — Niton is normally given off slowly but con¬ 
tinuously from radium and its salts. If the radium material 
is heated to about 800° C. the gas is expelled almost wholly. 
Since the maximum amount of niton which can be in equilibriunx 
with a gram of radium is 0.585 cubic millimeters, the amount of 
niton obtainable at any time is exceedingly small. It is cus¬ 
tomary to wash the niton out of the tube with some other gas 
such as oxygen. 

When an aqueous solution of radium salt is kept in a closed 
flask, there is a continuous evolution of niton, hydrogen, and 
oxygen. The last two are produced by the decomposition of 
water by the radium. The proportion of hydrogen is from 5-10 
per cent more than would be expected from the amount of 
oxygen present. This is explained by the action of the pene¬ 
trating radium rays in converting water into hydrogen peroxide 
and hydrogen. Niton obtained from solution is purified by 
first exploding the hydrogen and oxygen, then cooling the 
residual gas. In this way niton is condensed, forming micro¬ 
scopic globules of a liquid. It is possible then to pump off the 
remaining hydrogen together with the helium which forms 
from the disintegration of niton. 

A small amount of niton has been prepared ^ from the atmos¬ 
phere by a similar method. 

Properties. — Niton is pretty certainly a gas, for it has a 
characteristic spectrum which is somewhat like that of xenon; 
it obeys Boyle’s Law; it can be liquefied and solidified and has 
definite melting and boiling points. It is colorless by trans¬ 
mitted hght. It is chemically inert and so is placed in the 
Zero Group. 

The density of niton has been determined ^ by direct weighing 
on the microbalance, using about xArr iniUigram of the gas. 
The effusion method has also been used ^ and the value 222.4 
selected for its atomic weight. This agrees with the theory of 
niton formation, for if an atopa of radium with atomic weight 
226 is transformed into an atom of niton by the loss of an alpha 
particle, which is a charged helium atom, then the atomic 
weight of niton should be four units less than that of radium. 

1 Ashman, Am. Jour. Sd. 2$ (iv) 119 (1908). 

* Gray and Ramsay, Proc. Roy. Soc. 84 A, 636 (1911). 

®'I>ebierne, Compt. rend. 150 1740 (1910) and Perkins, Amer. Jow. Bd. 25 
(iv) 461 (1908). 
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Niton is more readily soluble in water than any other of the 
noble gases. It is also soluble in organic solvents, such as 
ethyl alcohol, toluene, and amyl alcohol. 

The spectrum of niton is the same, whether the discharge is 
condensed or uncondensed. It resembles the spectra of the 
other inert gases, each of which contains certain lines whose 
positions seem to be related to the atomic weight.^ 

Niton is absorbed by cocoanut charcoal at ordinary tempera¬ 
tures, a behavior which is useful both in separation and purifi¬ 
cation of the element. 

Niton emits a characteristic phosphorescence which is so 
intense in the solid that it is impossible to determine the color 
in this state. The luminosity is less in the liquid and least in 
the gas. This phenomenon is supposed to be due to the con¬ 
tinuous emission of energy, which is indicated by the evolution 
of heat as well as the decomposition of water, carbon dioxide, 
carbon monoxide, ammonia, and hydrochloric acid. Ramsay 
reports^ that when niton acts upon solutions of salts of silicon, 
titanium, zirconium, thorium, and lead, in every case carbon 
dioxide results. This indicates a breaking down of the larger 
atoms giving rise to carbon, the simplest atom of the family. 
The reported change of copper to lithium and water to neon ^ 
is not regarded as having been definitely demonstrated.^ 

When first separated, niton gas slowly contracts for a day or 
so, until it occupies about ^ its volume. Then it expands 
slowly to nearly 3| times its original volume. At the end of 
three or four days the spectrum of niton can no longer be 
detected, but the lines of helium are present. This and other 
facts of a similar nature have led to the conclusion that niton 
disintegrates yielding helium.® In 3.75 days half the niton has 
disappeared. 

Uses. — Niton is now being used for medical treatments in 
place of radium. Its use permits a material saving of radium 
and it is especially useful in small hospitals which are not able 
to keep on hand a sufficient supply of radium for medicinal use. 

^ Paul W. Merrill, Bur. of Standards, 16 251 (1919); Science Paper, No. 345. 

2 Ramsay and Usher, B&r. 42 2930 (1909). 

® Ramsay and Cameron, Trans. Ch^. Soc. 91 1604 (1907); 93 992 (1908), 

^ Rutherford and Royds, PhU. Mag. 16 (vi) 812 (1908); also Curie and 
Gleditsch, Compt. rend. 147 345 (1908). 

® Ramsay and Soddy, Proc. Roy. Soc. 72 204 (1903); Himstedt and Moyer, 
Ann. Physik^ 15 (iv) 184 (1914); Martin, Chem. News, 85 205 (1902). 
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Is Zero Group Complete? Allliough the periodic* tal>k 
seems to justify the* eoiiclusiou tfuit nil the noble* gmm have* 
been diseover(*d, yet it sereins j)OHHil)l(* that (*(*rtnin struni^c* lirir*H, 
particularly one* at 557, in the* Hi>{»etrum of the aurora may lie 
due to an unknown atinoHph(*ri(* gas. Attempts to .H(*paratc* 
such a constituent by ditTusion through hcaitcal cfuartz and liy 
fractionation of alicjuidair nssidue failed to r(‘V(‘al the* presence 
of any new gas.^ 

^ Bond and Jaquerod, Arck, mi, phyn, mil. % 2B5 (1112(1). 





CHAPTER HI 

GROUP I —LITHIUM, RUBIDIUM, CAESIUM 

Like nearly all the other groups in the jK*rio(lic! Uihh% ( frou{i 
I contains two distinct 8uh-grouf)B calkd for mnvimmm* iJie A 
and B divisions. If the relationship l>etwc‘(‘n the* ritcdnls of 
this group was typical, we would hav(‘ one* so- 
called typical element, in this case lithium, fed- 
lowed by potassium, rubidium, and caesium in 
the A division and sodium, copper, silver, and 
gold in the R division. ()))vioUHly sodium he*- 
longs with the alkali metals both (rhemically and 
physically. On account- of the* fact that lithium 
and sodium do not reseunbk* |)otaHHium, rubid¬ 
ium, and caesium so closcdy as tlic‘He edtuncudH 
resemble eacih other, it is sometimc*s consielemHl 
best to put both lithium and sodium as typical 
elements, introductory to both divisionH. It is 
a very common procedure also to put- !iy«lrogc*n 
in Group I although it does not harmonise,e wit It 
the other elements. Thus there* may be* thre*e*j 

typical elements of this group, althetugfi not 
one of the three is really typical of both di visietns. 

Fig. 4 shows th(! r(*lationship of the* iiicmhers of fliis groiip, 

The typical A division ntetals, poiassitim, rtiliidiiiiii, iiiid 
caesium, resemble each other re*rriarkiihly. In I)i\df4iiiii fl, 
copper, silver, and gold are* alike* in many respi*c*|.« itlifioiigli 
there are marked difTerences alsct. When meriila*ri4 of tfiit A 
division are compared with the rnednls of the II ilivisiori, very 
few resemblances can Im found, but the* e*oriirii«tH are m$ ulrilirig 
that some have preferre*d to omit copper, silver, iiricl gold friirii 
Group I. Mendelc»eff was evidently in doubt tififiri thin fMiifit, 
for he put these thre^e elements in hedli C.irotips I iiitil VIIL 
It is doubtful whethe*r the placing of copfM*r, silver, fiiiil giilil 
in the same family as the? alkali irKd:i:ilM in iiiiy logieail Itiitii 
putting manganese in the halogcfii fiiiiiily* A ecuiifiiirwiifi iif 
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tho A and B divisions of various groups reveals the fact 
that very (dose r(^s(‘ru))laiices are to he olmervcal in grou|)B ncair 
th(^ centcn* of tJie Periodic Tul>l(^, but as wc‘ leaver th(! cuuiter in 
either dinadion the r(‘S{‘rnhlances grow less inarkcal and con¬ 
trasts !)ec()nie inor(‘. not-icc^alde. 

The difT(^r(‘nc;<‘H l){'tw(‘(ui th(^ two divisionH of Croup I may be 
surnrrian/.e(l as follows: (1) Th(^ iinportant, possihly the only^ 
valenc(i in tiic^ A division is 1, while* tin* most coininon valcmce 
of coppe^r is 2 and in t.Iu* most. stal)le ca>rnpoun<lH of gohl tin* metal 
has a val(*n(a* of 3. (2) ’’rin^ alkali inefalH arc* the* most aedive:^ 

mcitalH that wc* liavc*, standing at the* liead of the Klc*(‘tromotivf* 
Series and displacing all oth(*r mc*tals from tiieir camibinations. 
Thc*y arc^ c*aHily and cpiickly oxidizc‘<i in the air. On tin* other 
hand the* in(*mlK»rs of Division B are amcmg t.he. least aertive*. of 
our mcdnls, silver ami gold rcarmining tmtarnishcal in the air, 
while (;oppc*r oxidif.(*H slowly; t]ic*se iiietals are at tl'K* foot of 
the lilecdnornotivc? Beri(*s, !M*ing disi>Iiic!ed from solutions by 
ncmrly all otiier mcd 4 ilH. (3) lli<* alkali medals arc* ric»vc*r found 
in anions and they yiedd no complex cations, while* the Division 
B metals arc^ fr(K|ue»ntly found in ariioiis siicdi as the* im|:Kirtiirit 
compounds KAii(CN)t (K-^^+AuCCN).r), ICAg(CN)t (K++ 
Ag(CN)r), KAiiOsCK^+AiiOti, KAii(CN)s(K'^^+Ati(CN)r). 

They also afjpcmr in eomplc»% cations such m Ag{N'll»)s(,!l 

(Ag(NHa)s^“ + (1-), (hi(NII,)4(NO|)t (Cii(NHi)/+ + NOr). 

(4) The alkali metals arc the strongf*«t liiwt foriiiirig ideiiienf s, as 
te shown by the facte that their hydroxides are strongly ioni^c*d 
and thfdr halides arc! not hydroly»*(L The oxidf*s anti hydrox¬ 
ides of copfKu* and gold arc fetdily basic, the liiHcr ev(*n at 
times wttakly iicfidie. llie halides of these iriidiils are Iiydro- 
ly^etl, so fiasic salts arc numerous. Bilver forms a rather strong 
oxide, AgsO, and ite halides am not hydrolyxeil extiuiilvely. 

(5) The oxides, iulfides, and chlorides of the alkali riietiilii arc 
soluble in water, while the coiroii'Mmdiiig mite of eopfMtr, silver, 
and gold are insoluble, with the cxci^plion of AuCh and CuCli* 

(6) The alkali matols occur in .ssturci in eomhination, lha com¬ 
pounds being ■cxmiedirigty itebk. Copper, silver, and gold 
found iibundimtly in the fr^ state. (7) I'hc alkali rnttak have 
been discovered within recent timci and their iiMi are largely 
for sciantiic purpura. Cop^r, silviir, and wire among 
the iret metals to bo by primitiv© man and they imvi 
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been used since time immemorial an ornameiitH. 
almost universal and exclusive coin metals. 

There are some similarities betwc^m Divisions A and li, but 
they are less striking and not so numerous as the eontriiHls. 
The crystal forms of some salts of thc^ two divisions arc* iso- 
morphous, showing a deep-seated rc^lationship. Fccr example! 
Ag 2 S 04 and Na 2 S 04 display isomor[)hiBm, while* NaC1, CUi(*I, 
and AgCl are also isornorphous. Another redationsfup bed wecui 
the two divisions is suggested by thc! fact that tiic* most, stable 
compounds of gold are trivalent and that potasHitirn, rubidium, 
and caesium probably all form trivalent salts, t*sjKH*inlly iodid«*s. 

Considering the members of Division A, it is (‘asily mnni thiii 
lithium and sodium differ in many respea^ts from imtasHiiim, 
rubidium, and caesium. Lithium is not a particularly st rcaig 
alkaline element, while the metallic pro|>f*rt ic*H of sodium, 
potassium, rubidium, and caesium incnaisc* gradually m the 
atomic weight increases. Potassium, nihidium, and cac»sium 
form difficultly soluble tartrates and chlorplatinat<»s, and by 
means of these salts these three cdoiiKmis may bc! Hc*paraicd frcmi 
sodium and lithium. The alums of p(d4issium, ruladium, iind 
caesium are also difficultly soluble*, wliile the* fluorid«*H of tlicw! 
metals are more readily soluble than those* of lifliium mid so¬ 
dium. The carbonates of potassium, rubidium, mid cjmsinm 
are deliquescent, while those of lithium and scedium an* not. 
The valence of, lithium and sodium is apiiaronily nlwiiys mu\ 
while potassium, rubidium, and caesium form cxiirifiourids in 
which the valences may be three or more. The best known of 
these substances are the iodides, such as the one foriiied fiy fJiii 
solution of iodine in KL Whether h dissolves in KI Immitm 
KIg or KI * I 2 is a question which cannot be nnswereit fiiiitlly nt 
present. But the corresponding conifKamd foriwal by ndiJifig 
iodine to caesium iodine is a stable compoimcl, nrid ein^itiiti 
di-chloriodide is one of the most stalde and iiioul iirififirtniit 
salts of this metal. The great variety of doiible of efiepiiirri 
would seem to indicate that this element at least miiiielinieM lii« 11 
higher valence than one. 

In comparing the member of the B cHvision wifli Piieh oilier, 
we find them showing re»!mblance« in tMirclti<»w, oeciirn^fici* iti 
nature, general activity, and chemical tadiiivlor. The rohir 
of copper and gold is quite unique among Urn iiictiiln. 11m in- 
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soluble chlorides CuCl, and are white, and AuUl is nearly 
so. These metals form similar double salts, such as the cyanides. 

It is pointed out forcibly that copper, silver, and gold form 
transition elements between nickel, palladium, and {datinum on 
the one hand and zinc, cadmium, and mm-cury on the othcT 
hand. It is to he observed from Tal)le VIII that coppeu*, sil¬ 
ver, and gold take an intermediate position with rc^spect to fusi¬ 
bility, volatility, coefficient of expansion, and atomic vc)hiinc‘H. 


Takub YIII 
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Point 

Boimnu 

Point 
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KXfANKION 
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Nickel . . 

1452. 

•mo (30 mm.) 

.0d5I5 


Copper . . 

10H3. 

2:jia 

.04174 

7.1 

Zinc . . 

410.4 

920 

.042918 

9.1 

Palladium . 

1542. 

23fK) 

.0,|I2H0 

9,1 

Silver . . 

9B0.5 

2HK) 

.O 4 HI 54 

9.2 

Cadmium , 

320.9 

778 

.O 4247 

10.2 

Platinum . 

1756. ’ 


. 04(19221 

13.0 

Gold . . 

mm. 

25.30 

.0iI45l 

10.2 

Mercury . ' 

-3B.9 

.3.57.3 

f.03182 Ciiliinil 
I.OiBO Api^rox. 

14.7 


Lithium 

Historical. ^ While working in IiilHiratory in ISI7, Aug. 

Arfvedsoa di»coveri*<l in the mineral potiilito find BfMidiiificiie a new iiikiili 
element. It differed from the known alkiilicji in llie iiinoliibility of iti 
carl:»nate, the hygronttopic nutting of ita cliloridf* and tin* low irw^lting fMiiiits 
of th© chloride and milfate, Bttciuaa* of the tliiit th« iilkiill wm fiiwiitl 
in mirierab it wiii given the name lithiiiiii, rtteiiriiiig ntciiiy, In to 

sodium and f>otii«iurri, which are widely illutrihiileil in llit! pliiiit and 
animal kingdoms. The work of Buniien and fCirclioff witli tlw* 
showed *■ that lithiiim^ wm also voiy generally diitriliiitel amiiiig kitli 
plimte and aniiiiak, although usually in tiiimll iiiiioiiiiti. 

Occurrence. — Lithium is found in a eonsideriible niimlicr of 
minerali which am widely diitribiiiect over ilie iiirfiice. 

The three mwt important nourei^ of lithiwin in the United Btatoi 
are: (1) L^pidolite, called litliia iiiicm from it» iipfauiriinee, ii 
basic silicate of the theomtkml foriiiiilii KLiCAlCOiI)F)f * A1 
* Phu. Mm Civ) m iiimh 
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Table IX 


Properties of the Alkali Metals 



Lithium 

Sodium 

Potassium 

Rubidium 

Caesium 

Atomic Weight 

6.94 

23.0 

39.1 

85.45 

132.81 

Specific Gravity 

0.534 

0.9712 

0.8621 

1.532 

1.87 

Atomic Volume 

13.1 

23.7 

45.4 

55.8 

71.0 

Melting Point 

186° 

97° 

62.°5 

38.°5 

26.°5 

Boiling Point 

1400° 

877.°5 

700.° 

696.° 

670.° 

Specific Heat 

0.941 

0.293 

0.166 

0.0792 

0.0482 

Color of Flame 

Crimson 

Yellow 

Violet 

Red 

Blue 


( 8103 ) 3 , containing up to 6 per cent Li20, is mined in San 
Diego County, California. (2) Amblygonite, AIPO4 • LiF, 
containing 8-10 per cent Li20, found in Maine, Connecticut, and 
especially South Dakota. (3) Spodumene, LiAl( 8103 ) 2 , con¬ 
taining 4-6 per cent Li20, is mined principally in the Black 
Hills of South Dakota, where it frequently occurs in crystals 
30 feet long. In addition lithium is found in varying amounts 
in a large number of other minerals, in meteorites, spring 
waters, soils, certain plants such as sugar beet, tobacco, cereals, 
coffee, and seaweed. It can be detected in milk, blood, muscular 
tissue, and lungs. Its function in the body is not known. 

Mining of lithium minerals in the United States has recently 
developed rapidly. In 1919 a total of 6287 short tons were 
produced valued at $115,000. This was more than 10 times 
I as much as was produced in any year preceding 1916. In 1920 

the production totaled 11,696 short tons, valued at $173,000. 
Lepidolite from Pala, California, and spodumene from Keystone, 
South Dakota, were the chief ores. 

Extraction. — From a silicate mineral, lithium compounds 
may be extracted by long treatment with concentrated HCl. 
After filtering, Na 2 C 03 is added to precipitate other metals, 
and the filtrate evaporated to small bulk. Addition of more 
Na 2 C 03 precipitates Li 2 C 03 . 

From a phosphate mineral, lithium may be extracted by HCl, 
with the addition of some HNO 3 ; the phosphoric acid should 
be removed by the addition of FeCh. Evaporate the filtrate 
to dryness, extract with hot water, add barium sulfide to remove 
iron, then H 2 SO 4 to remove barium. To the filtrate add oxalic 



48 GROUP I—LITHIUM, RUBIDIUM, CAESIUM 

acid, (evaporate and ignito; tho alkidi carbonatoH aro formed, 
of which LiaCX).-! is the Icmst Holui)l(‘.‘ 

A tliird iiu'tliod of extraction -is d<‘scril)ed as follows: Pin(‘Iy 
pulverize th(s mineral, mix with Nllifll and (laCOs, and 
ignite; extract with water, add HCll and evaiM)rat(s to tlry- 
n(«H, then extract Li(!l from the: residu<i with arnyl alcohol or 
pyridine. 

Separation.—Lithium may be s(*parate<l from the other 
members of the alkali family by the solubility of t he chloride 
in amyl alcohol, [)yridine, primary isobutyl alcohol or abso¬ 
lute (dhyl alcohol; by the insolubility of the carlxmate or of 
the i>hosi)hate in the i)r(^senc(‘ of ammonia and ethyialcohol; by 
the solubility of the fluosilicate. Litliium may scparatc'd ® 
from sodium l)y precipitation of NaCI from a solution of the 
perchlorates in anhydrous n-hutyl alcohol by addition of an 
alcoholic solution of HCL 

MetaUtrrgy. — Arfv<*dson, Gmelin, and Davy each tried to 
obtain tneUdlic lithium by electrolysis, and probably each ol>- 
tained a small amount of th(! element. But the amounts were 
so small that little was learnetl about its projxTties. So the 
credit for first studying the mchd should go to Bunmjn and 
Matthiessen, who in 185r> used a more {xiwerful current and 
obtained considerable quantities of the element. They used a 
bath of fused chloride, but more recently it has been found ad- 
visiible to add KC'l to l{)wer the fusion point of the electrolyte. 
Kahlenbcrg has shown * that if a ctirrcmt « pasmid through a 
solution of LiCl in pyridine the metal is deposited. If LiCl 
and calcium chips are mixed together and heated in an ataic®- 
phere of hydrogen, metallic lithium is obtaincti. 

Properties, — Lithium is a silvery white metal, which tar¬ 
nishes in the air, though more, slowly than any of the other 
alkali metals. It is a little harder than sodium but softer than 
lead and is noticeably friable. It can be pitted into wire or 
welded at room tempemture. It is the lightot of aU metals, 
floating upon both water and hsrtmm. 

It reacts with water at ordinary temperature, but the heat 
of reaction does not melt the metfd and is not enough to ignite 
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the hydrogen even if the water is l)oiIing. WIkhi vd in the 
air, lithium burns quietly with a bright white* light, yi<4diiig 
Li 20 , and at red heat it unites readily with hydrugeiij foriiiiiig 
LiH, which is quite stabk^ It uniteB also wit h nitrogen, form¬ 
ing LisN, and burns when heatcal in chlorim*, bromine, ifaline, 
sulfur vapor, or dry carbon dioxid<^ Dilute sulfurie iind hy¬ 
drochloric acids dissolve the metal readily, but ef)neruitrnf«*<l 
sulfuric acts more slowly. Nitric^ acid attacks litbium so vio¬ 
lently that the metal usually m<‘ltH and oft(‘n ignites. 

The metal is rather rare and is usually <|uot4!d in cine griuii lots 
at a price around $1.50 per gram. It has no cornm<*reiiil uhi!. 

In its compounds lithium r(*Heinbl(‘s sodium in that itsehlcjni- 
platinate is relativcdy soluble, l)ut the* difficuilt solubility of 
LiOJI, Li 2 COa, and Li 3 p ()4 • 2 Il 2 f ) is in sharp c^inirnHi with the* 
behavior of the corresi'Kinding salts of the* othm* alkali mr*tidM 
and suggests a close resernblancjo to magnciHium. LiaDCb is 
decomposed at high tc^mfKiratunn in tins rc»spe<d ri^Hembling 
MgCOa more closely than the carbonates of t he* a lkali mid ids. 

The lithium atom has beem shown ^ to c^oritain two iHoiopeH 
of atomic wcughts 6 and 7. 

Uses. — Lithium comjmimds are uhch! in inc»rc*aHing amoiiiilH 
in the manufacture of glass. The* chief uses of lithium salts 
for some yeai’s has been in mcalicine and pyrot(a!hriic»H. 

Compounds. ~Tho (iomrKnmdH of lithium hmr it gfiPTitl 
to the corresponding compounds of Hodiinm Nearly all ihi! coiiifMiiirifk 
of lithium are rcuidily soluble in wamr, tim most irri|Hirtiifit cxcc|iiioiiii 
the carbonate, phosphate, and fluoride. Thu foliowing iiro iaiiinrturit. 
compounds: 

Lithium chloride, LiCl, forms colorkjw mystals aail m one of tin? nifiii 
deliquescent salts known. It has a sharp saline tiist4q is Moltible in Wftt#fi 
ethyl alcohol, amyl alcohol, c»ther, chloroform, itnd pyridine, (Hee 
X.) When an aqumus solution of LiCl is cvafMiriited to drvii**^*^, 
amounts of HCI and Li/) are formed in a rrtfiniier strongly #if 

the behavior of MgCJl*. It is used in the manufacture of lilliiii ainl 

in pyrotechnics. 

LitMurn hydride, lill, is formed by <lir«fet combirmtiori of flic 4 

Ite properties indicati^ that it is a salt. Clo #«Iitcti^4y«w in a vjif'iitiin, 
hydrogen is liliemtecl from the aniKk and litliitiiu iti flic nitlimic. Tliitl 
is the only instant yet rofKjrted in wfmh hydrtigcn ftp|M»arii tti itiiyc ncpf 
propertiM and to yield a niigiitlvaly elmrgtid bn,» 


iV'otem 10iS27 (mt); Dmmmt&r, F%i,. i•4ir^ (imih 
® K. Moew, Z, amrg, ckmm. llS t7U iWMt)» 


50 GROUP I —LITHIUM, RUBIDIUM, CAESIUM 


Table X 


Solubilities of Alkali Chloride m 100 g. solvent at C. 




Amyi. Ahtmtiih 

LiCl. 

25.8 

9.03 

NaCl. 

0.005 

0.fK)2 

KCl. 

0.02 

0.(KK)H 

RbCl. 

0.078 

0.0025 


Lithium phtjsphah* in u whit<» <T.vHtuIIina ixwdcT wiuc*h in noluhlct in 
aoiclB l)ut (iiflicultly noluhlt^ in watnr. 

Lithium carbonate, m a whit«* powth^r, cxyntalline, whomi Holuluhty in 
wat^ir with rine of btrnperaturi’: at ()'\ ICH) of water diw^jlvo 

1.539 g. Lt/Xh; at 20% 1.329 g.; at IIK)'', ().72H g. It in um*tl in medicine 
for rheumatinm, gout, et(‘., itn value depemling on the theory that lithitun 
urate, being nujreBoluhlc* than the Hotlium aalf, Hhould make* the elimination 
of uric acid more complete. Dould. Iuih la»en rained m to itn efficiency for 
this purpose. 

Lithium citrate has a bunt alkaline taste and lM*caum* of it4^ milcl tiwta 
and non-irritating elTect is the most jwipular lithium «dt in medicine. 
The benzoate, bnimide, Hfdieylate, and ot h(»r saltH an* also um!d in medieinu 
for gout, rheumatism, concretions, epilf*|>ity, nc»phntiH, etc. 

Lithium hydroxich^ (or carlamate) is addetl to the I'klison sfonige 
battery to incrcsasc! its eaptwaty. l*heelectrolyte is 21 per eent K(IH, iincl if 
50 g. LiOH per litc^r of cdec'irolyb* is iidtled l her#* is ijnshiced 12 pi*r cent 
higher capacity and 21 p(‘r cent incrf‘ns<‘ in tbe elect.rolyt#! resistance. 

Lithium salts or minerals are sonietiitH^s adflefl to the miii in the maiui-* 
facture of glass on ac;count of the inc'reasial fluidity which ihti litluurn 
productM. 

Detection. lithium compounds are l»est dctis’led hy the sfaadro- 
icoiKL Two linci are prcmiinent, a faint yelkiw line K IIKM iiiicl a bright ri*d 
line at X67DS. An little m a millimith of a iiillligmm may Imi di»t 4 :*eted 
glKXjtroicopieally, 

RoiiniftiM 

Historical.In 18111, .Bunsen ami .l<irchhf»ff studied* the alkaline f»ri« 
stituenfcs extracted from some mnijiles of li*pi«|filife which hitd ole* 
tairied from Baxony. They found that the precipifitteil |s»t«ssiiifri 
plfitinate eontoiriitd a «lt munewhat le« soluble fliiui s|S»etrtijii 

ci.mtalnecl new IIim« in the violet, bliie, gnsm, yellow, riiiil reii Ks|s*ci}illy 
prominent were two red llniia lying Isiyond Fmnnhuhfn line m tin* oiiter- 
most fiortion of the red solar s|iifctrunt. Heriif*, the iiitifie riibifitittii, 
dark red, wm iiiggcsted for the new ekmerit. It wus prtfstffit in «tirli smali 

* FkU, Mm> C4| im CISil). 
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amount in the mineral with which Bunaen an<I KirehoU were wnrking fJiiil 
they used 150 kilogninm of the ore in order to get fUi«>ugh of iliit mm 
to study its prox>erties. 

Occurrence. ~ Rubidium occurH widely dintribiiterl iu iiiifiiri% 
always associated with the other alkali cdefuents and iiHUiiIly 
in very small amountH. Among the* h^pidolite eon- 

tains the largest amount,. The* miiic*ral from %vliicdi Biirit4efi 
arid Kirchoff diseoveu-ed the* c‘l(*mc»nt (!oittuiued (121 }M*r f*eiit 
Rb20, though some sarnplc^H of h^pidrdiU* eoniairi as muidi us B 
per cent of ruhidia. Lcnicih*, (*arnallit<% and rmmt lithiurii ores 
contain small amounts of rubidium, as do most iron ores, somr! 
aluminium ores, and metimrites. Traces are also found in soils, 
mineral springs, B(*awat(‘r, and Hc»aweed; in Inads, itiliiieeo 
(especially from Havana and Kc*iiitlurky), (!offec% tea, <iak, iinil 
beech trees. The presence* of rubidium in plants hi^iuhh hi tii* 
accidental, since neither this (dement nor lithium can in genera! 
replace potassium as a plant food. 

Extraction. — Rubidium may be extraevted from lepidolifit 
by decomposing the finely ground min(»ral with eateiiim fltioridr* 
and sulfuric acid; heat, thc*n <‘xtmct wit h water, eviiporfite, 
and allow the caesium-rubidium alums to erysfa!!i/4». 

Another method may 1 k^ used to n*cover rulaclium and f*fii** 
sium from any silicate on*. If(*at tin* finely ground mineral 
with CaClg and NU/d, (kioI, and (*Ktra(?i wdfh wniter. hiviip- 
orate, add H2BO4, filter ofT (hiBCh, and add (NHilgC’Clj. FiB 
ter and precipitate ca(*sium-ru!iidiurn chlorc»pIaiinat(*s. 

Metallurgy. — Metallic rubidium may la* pn*}.mred in a viirieiy 
of ways: (1) cdectrolysis of the* fiisfal ehIoridi% (2) hcfiting 
RbOH with aluminitun or magnesium, (d) !it»iitJrig l{b|C'*C}i 
with carbon or magnesium, (4) lieating ItliC’l with eiilfdiiiti, 
(5) heating the tartrate to whiii* hc*at. 

Properties. — Rubidium is a silvery white metal; soft niiil 
waxlike even as low ns - Iff .Cl; melts at nnd boils 11 f. (Ifff 
giving a bltiish vapor. It has greater uWmliy for oxygefi lliiiii 
does potassium, since it takes fire sporitiineoiisly in tlir* fiir, 
giving an oxide, probably a mixture of Elisd nrui It 

reacts vigorously with water, yielding RfiCIfl. The atfiiii fuw 
two isotopcjs of atomic weight 85 and 87 wfiiefi lire ffiiiricl in 
proportion 3: L 

Compounds of riibidiiim rcf^^^mble tlio^ of wilti 
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which they arc^ isornorphous. As a rule' ruhiclitiiu Halls an* 
more soluble than the* cornsspondini^ potaRsiuni Halts. Rul^id- 
inm shows a characterist ic teaideaiey to form (aauplex salts 
with the hal(^j»:ens, sticli as RbiBra, and llbK’Li. 

The ra.dioaclivit.y of ruhieliuin salts has h(*en studied^^ hut 
no difTerence^ in the* int.euisity (d the* radioactivity is olwervable 
in its salts of various a]i:e‘S. TIu* peua'lnitiorrof the rays from 
rubidiuin is found to In* intc*nn(‘diate hetwcHUi tla* B(»ta rays 
from UXi and radium, the intx^nsity of the* rubidium rays iKung 
15 timc'H great(*r than those fnan UXj. The* half life fMU’ioxl xd 
rubidium is (%alcailatx*d to he if)” years, which is bcdwxKUi onev 
third and one-sewemth that of potassium. 

There* an* no commc*rcial uhc*h fx>r ru}>idium. Its compounds 
find important use as rc‘ag(*ntH in mix*r(H’lH*miHtry, whc*n* tlaar 
ready ability to form (’rystallim* compounds mak(*s thc*m xd 
great valux! in this important and rapidly dx'vxdoping fk*kL It 
is difficult to buy rubidium rnatf*riai on account of its scarcity. 
The oilier catalogues (1911 Id) cpioted rubidiiirri riictal at 
$L 5 {)“''$L 75 |K*r cpiarter gram and ItbCl at 15 cenf.s iku* gram. 

Separation and Detection. — Eiilxidiiini imd ciw'siijm an* Is^t «»|iErati»d 
fmrrt thxx othxtr aieinls'rs of the itlkfifi group I>y the greiiter iiisiilubiliiy of 
thxsrnlums,cIilxxrostaniuiieH* 1 #),orx’hhiropliitinatx's. XI.) 


TAimn XI 

BduhllUm of fiomr Alkali ShUh In IW g, of Wairr iil 17^ 


NfiAlCHO*);, • 12 li,() 

51.0 g. 


:{!l.77g. 

KA1(H()4)s- 12 lIjO 

r.i.'} n. 

K=Ptf’I« 

2.17 g. 

RbAKSO,), ■ 12 HjO 

2.:j g. 

Iiihi’id. 

(}.2()g. 

ChAI(HO«), -12 H.0 

».« K. 


O.lH g. 


Rubidium find ciie#imii iriay Istsi^pnratexl from other by the 
in the icdubiliticii Ilf tlieir iiluriiM or elibropifamutes; by tlic forfiiatifut xrf 
t!io more itablc and Ii*« soluble rubiditim mid tartriiie; by flic Miiiiiiiltfy 
of CiaCOi in iilmdiita alcohol; by the foniiatioii iif fli« dllTiciiIlly soliibk 
CJiClsI • C%FbCTk or 

The i|uiin;tlti4tivii c«iimathiii of nibiflliifn iniiy i« inTcomplIiiti by 
weighing m sulfate, aulfaa^, chiciropktirtiit#, eliliiriclei or fMrrelilormte.* 
Com|mri«n of thi} inb'niiify <.d ihi! aptctruiri liai« wiili. tliine fwiiii, itaadard 
solutioiii givw & rapid and mlMmtxm ditemiiitilliift <if mbliitia.* 
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Caesium 

Historical. — In 1840 C, F. Plattner analyj^ccl ^ thc^ rnin(*nil m 

pollucite from the Isle of Elba and wan myntified by iht* faot that flitt fofrtl 
constituents showed 92.75 per cent. (’ar<*ful stmn’h failed to reveal any 
error in analysis or any eonstituentH which had br^ai ovf‘rh«»k(*d, find 
the matter remained a mystery until aft(‘r ihti di«c«jv<?ry of caesium. In 
1864 , Pisani repeated ^ the analysis of th(i same, mineral and found thiit th«» 
alkali which Plattner had called poUissiunk was in nnility cneHium. WIir*ri 
corrections are made for the difTerences in atomic, weights Plat rcHuIfs 
are found to be quite accurate. This is a rcmiarkiilile tribufi! to Plfiiitit»rVi 
skill and reliability. 

In 1860 , Bunsen used the newly devised spectroserkpe in tho e?caminiitirm 
of the mineral constitiients of certain spring waters and dwcoveri*d two blue 
lines of unknown origin. lie became^ convinc(*d that tliey were «'liariirter- 
istic of a new alkali metal and la; projKiscsl the name* ca«‘siu«n sky bliii!. 
This was the first metal discovercui by mc^ans of the spf*ctroscopi% wliich 
later revealed the presemee of rubidium, thalliinn, Indium, gidliinn, fieveriil 
of the rare earth group, and all of the nobhi gases. '‘Fht* tiiscovery of botli 
caesium and rubidium was impossible without the aid of the «pf*ctmHeope 
because they are found in sucdi small quantities and their resembliiricii 
to potassium is so striking that the ordinary methods of iirialysis art! rmt 
effective. The sensitiveness Bunmtn’s Hpe(!tnisc‘opfs is shown by the 
fact that the water from which the <aii»sium lines were first «>bti»ned difi 
not contain more than 2 or 8 grams per ton, anti hi» was f*ornpelled fit e vapo¬ 
rate 40 tons of the water in order to obtain enough caesium fi»r study« 

Occurrence. — Caesium is widely fliHirihuiod in rmf tirt' nlmmt 
always with the other alkalies and usually in vt*ry mtmll mnmmlM. 
The mineral pollux or pollucite, c*sH(uitially 11*/) • 2 ('s/) • 2 AlaOi* 
9 Si02, occurs sparingly on the Isle of Elba and in Miiifie. it 
contains about 34 p(‘r etuii (,*«/). (daesitirfi is iilso fttimd ifi 
small amountB in othc*r nrineralH sucdi as le|)idoliti» iind lii*ryl; 
in mineral waters, where it is almost always assoeiiited wiili 
large amounts of the cither alkalies. It is also found in truces 
in many soils, but only a few plantH, such m tolmeftfi, itlisorb it* 

In the absence of fxitassium, eiii^Hiuni is ii iwisori for iiiost 
fonns of plant life. 

Extraction ; S^aimtion ; DetecMon. ™ Seri Hiiliidiiini* 

MetaUurgf. ~ Metallic eaesiurn was first prepfirrd m IHMl 
by Setterberg, who uscal the electrolysis of ii niixliire of 
and Ba(CN) 2 . The metiil may also Im pritpiired by rediirbig 
CaOH with alurniriium or magriesiiifri; by lieiifitig 
with m^n«uiii or CsCl with calcium. 

* P^g. SS 44S CISIM), mmi. W 714 l iilSil. 
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Properties. — Caesiiim is a silvery white metal when pure, 
but it is frequently golden yellow due to the presence of a small 
amount of oxide or nitride. It is one of the softest of the 
metals, its melting point being about 26.°5. It is the most 
electro-positive of all the metals. On exposure to air it gradu¬ 
ally melts owing to the lowering of its melting point by the im¬ 
purities formed in contact with the air. It finally bursts into 
flame, producing the oxide. When thrown upon water it floats 
in spite of its high specific gravity (1.87) and burns with red¬ 
dish-violet flame. 

Caesium and its compounds are more rare than rubidium. 
Salts of caesium are used as reagents in microchemistry. The 
metal was quoted (1911-13) at $1.75 to $2.25 per quarter gram 
and the chloride at 30 cents per gram, but the material is diffi¬ 
cult to obtain at almost any price. 

Does Eka-caesium exist? — Several considerations point to 
the possibility of the existence of an undiscovered alkali element, 
with atomic number 87 and an atomic weight of approximately 
224. Diligent search in caesium materials has been made^ 
for this missing element by fractionation of the nitrate, di- 
chloriodide, chloride, perchlorate, sulfate, and alums. In every 
case careful examination of the extreme portions of the mate¬ 
rial failed to reveal any indication of a new element. If such 
an element exists, it must belong very definitely to the radio¬ 
active series and it may have such a short life period that its 
detection becomes very difficult. 

Harkins ^ points out that of the known elements bismuth has 
the highest odd atomic number (83) except the radioactive de¬ 
scendants of uranium or thorium, whose half life periods, so 
far as they are known, are very short. The even atomic num¬ 
bers from 82 to 92 are represented fully and many of these ele¬ 
ments are very stable. It seems reasonable, therefore, to con¬ 
clude that the electron systems required for the atomic numbers 
85 and 87 are unstable and may not be able to exist at all. 

Compounds of Group I. — There is a general resemblance between the 
compounds of the elements of the alkali group. The chief distinctive 
features of the compounds of lithium, rubidium, and caesium have already 

1 See Richards and Archibald, Proc. Am. Acad. 38 449 (1903); Gregory P. 
Baxter, Jour. Am. Chem. Soc. 37 286 (1915) and Dennis and Wyckofif, ibid. 42 
985 (1920). 

^ Jour. Am. Chem. Soc. 42 1985 (1920). 
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been pointed out. The principal compoumiK of the ^roup ruay he briefly 
summarized as follows: — 

All members of the group form several oxides and a Hurr»rising itriioiuif 
of uncertainty exists conecjrning them, 'rhey proluihly all form thr^ simple 
oxide M2O by direct union of but there is mmw dfsihi in 

the case of ni})idium. Th(?He oxides react with watf!r frirming f he ehiiriic» 
teristic bases MOIf, whose stnangth increast^s with im^rease in atofiiic 
weight. 

Peroxides of the formula M2O2 arcj imr)oriant in tin? eai4<! each element 
of the family except potassium, and KaOs may not e.v«ui exist. 

Oxides of the formula MaC >3 are reported in the curse of all the elrunenti 
of the family except lithitun and i)o(,asKium. 

M2O4 or MO3 are important oxides of potaasium, rubidium, and ciiesiarii, 
but an oxide of this eornposition hits not b(‘(*n nicognized in the ease of 
lithium and sodium. 

In addition to the oxides already (‘numerated the following irregtilar 
oxides are rnentioncal: Na^O, K4O, KgOg, 1x404, K4O3. Their existence is 
quite uncertain. 

All form carbonates M2CO3 and bicarbonat<‘H MllCXb. 

All form the hydride * Mil by dirf‘ct union of the (!h»m(‘nts at liomii** 
what elevated temperatures; the hydride's with witter give IVfOIf f Ifij 
the rubidium and caesium hydrides an? unstnldt? at ordinary bunperatiireii. 

The alkali metals are eapabk? of forming nitrides of tin* formula MiN 
as well as azoimides of the formula MM.’j. 'riw? latter are best eonsidered 
as salts of hydr^lzoic (triazoic?) a<?id, N3IL All metals of this group form 
amino compounds such as MNUs; metal ammoniums like MN Hi lire 
also characteristic. 

Each member of the family forms th<! simple? salt with «‘aeh of the halo* 
gens. PobisHiiim, rubidium, (?ai?Hium, also form polyhalidim tike Kl*, 
KICI4, in which the valcn<?t? of tlu? m(*f ids appears to he X or H. Ats’^gg 
mentions Csig, and Wells and Wh<?(?!er ^ descrrilw? a lit hium ecuripounil 
of the formula LilCb • 4 IbO. Caesium forms c?ompk*x (*hloridi« with 
gold, silver, zinc, copper and mercury such m CJsAuC*!#, f •s4Ag3AuiC'*hi, 
Cs4ZnAu2Cli2, etc. 

Chlorates, perchlomtr?s, hromates, and iodates are irriportrint compiiuntln. 

Carbides, M2C2, have been prepanjd for the first tlirt*e rrieirdwtrs of tint 
family. The carbides react with water, giving C’af H and MCfl. 

Sulfur, phosphorus, and silicon form many (?orn|Kmnds of the fairiilkr 
types. 

* MoImsiui, rmd. IS$ 5H7 (IWIXh 

^ Z^U. amrg, Cimrn* % 255 (IHUI). 
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GROUP II —RADIUM, RADIOACTIVITY, 
MESOTHORIUM 

The elements which are found in Group II of the periodic 
table are easily divided into the A division including calcium, 
strontium, barium, and radium and the B division including 
zinc, cadmium, and mercury. This leaves 
both beryllium and magnesium as introduc¬ 
tory or typical elements. The relation¬ 
ship is shown in Fig. 5. All the members 
of this group are characteristically bivalent; 
jn fact two is almost the only valence shown. 
The most important exception to this state¬ 
ment is in the case of the mercurous com¬ 
pounds, but it has been suggested that this 
exception is more apparent than real, since 
in the mercurous compounds we have reason 
to believe that the mercury atoms are in 
groups of two whose valence is two. Hence, 
Hg 2 Cl 2 not HgCL The alkaline earth 
metals form monovalent compounds with 
the halogens, but these are obscure and 
somewhat doubtful. 

All the members of this group form oxides of the type MO and 
basic compounds M(OH) 2 . The latter are soluble in the case 
of A division metals and dfficultly soluble in B division metals. 

The only elements of this group which may fairly be con¬ 
sidered rare are beryllium, radium, and mesothorium. The 
first named belongs distinctively to the B division and is dis¬ 
cussed in Chapter V. The present chapter is devoted to radium: 
and mesothorium, with a brief discussion of the phenomena of 
radioactivity. 

The metals of Division A are designated as alkaline earths 
because they are intermediate between the alkali metals of 
Group I and the earths of Group III. These metals oxi- 
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dize readily in tlie air and dcHtoinpcyno watcn* at ordinnry tiaii- 
peratures, liberatinj*; hydrogtnn Tiie oxi(I<‘H are iiairki‘dly 
basic, with very high fusion points and such great Hfability f lint 
they were regarded as (denKnits unt il 1807, whcai Davy showed 
them to be compounds of a nad-al and oxygmu '’Fliey fKissess 
striking affinity for water, with which they <niml>iii<* to fonii 
hydroxides, the soluhilitiins of wliieh inewnm^ witii iricrmHirig 
atomic weight of thc^ m(»taL They also form peroxicI(*s, 
hydrides, and nitrides. The (nirhonah's, chromates, phosphatf*s, 
sulfates, and salts of many organic acids an^ diffiimltly Holtihle 
in water. 

Iladium is classed with the alkaline <*arth nifdals with wliicft 
it properly belongs, although it shows some* d(‘cidecl pec!uliari- 
ties. It is to be obs(!srved that in nearly evmy casf* tliiit mem¬ 
ber of a family which falls in t he last sca'ii^s of t he p<»riodie tatile 
has certain marked pe(!uliariti(!H. 11m physical properties of 
the members of this family are shown in 1 able XIL 


Taiilk XII 

Propertlen of tlw AlhiUrw Earth Mvtnh 




HrwoNTiCirf 



Atomic Weight .... 

40.07 

S7.<W 

ia7.:$7 

220.0 

Specific (Gravity .... 

1.52 

2.55 

2.75 


Atomit; Volume! .... 

20.4 

28.7 

20.0 

aIhuk ;|{» 

Specifi(! I I(!at ..... 

0.152 


O.OOH 


Melting Point. 

Heat of Formation of MO 

7S(f 

1 HCKf 

Hfdr 

Abiiil 71^ 

in Cal. 

mu 

irio.OH 

moM 


Absolute Electric I'ofcutiul 

2.4 

2.0 

2JI 



Radiijm Ann Eadioactivit? ^ 

Historical. The phenomenon of rut lionet ivi I y wiih# ilii4- 
covered by Henri Beetiuerel in 189CI, who observed tlifit, ifie 
salts of uraniuni emit radiations which art! ciipiifile tif 
the silver salts of a photographic plate even wlitui it is Hi*f*tire!y 
wrapped in blin^k pafM^r, This property was fouml i,o be riiiir* 

E. A. Mllllkiin, Cairlri mUrmm on ** Hynirtmiint of lluflimti;* m. 

fbllvi*rc*l nt t}m imrnrnmkm nf tim Wiilttr4 
Gibl« M^ml to Miiiii. Ciirin; Ch^m. and AtfL Hwi. f4 114^ (iWMr, timm4l, 
dmCAmnmr^ &/im Maniiilliin t 
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acteristic of -uranium whether it was in the form of the element 
or of any of its compounds. Becquerel also found that uranium 
had the power to discharge an electroscope and that the rate 
of discharge is an accurate measure of the amount of radio¬ 
active substance present. 

In studying the radioactivity of certain uranium minerals, 
P. and S. Curie found that the pitchblende residues from St. 
Joachimsthal, Bohemia, were more than three times as radio¬ 
active as uranium itself. This fact suggested the presence of 
a powerfully radioactive substance, and led to a thorough ex¬ 
amination of the residues. 

Pitchblende is one of the most fertile sources of radioactive material. 
Its composition varies widely, but it always contains an oxide of uranium, 
associated with oxides of other metals, especially copper, silver, and bis¬ 
muth; the Austrian mineral contains cobalt and nickel; the American 
samples contain no cobalt or nickel but are largely associated with iron 
pyrites and arsenic; zinc, manganese, and the rare earths are frequently 
present, while occasionally calcium, barium, aluminium, zirconium, tho¬ 
rium, columbium, and tantalum are reported. Dissolved gases, especially 
nitrogen and helium, are present in small proportions. 

From this mineral it was formerly customary to extract the uranium 
and discard the residue. The chemical study of such a complex mixture 
is an exceedingly difficult task, but by patient effort M. and Mme. Curie 
succeeded ^ in 1898 in separating two new radioactive substances to which 
the names radium and polonium were applied. The latter is now com¬ 
monly called radium F. Later Debieme discovered ^ a third radioactive 
constituent of pitchblende residues and named the new substance actinium. 

The method of treatment consisted in effecting a concentration of some 
of the constituents of the residues and observing the radioactivity of the 
various portions into which the material was divided. It was observed 
that if barium was concentrated the radioactivity of that portion in¬ 
creased rapidly. From a ton of residues there may be prepared 10-20 
kilogra'ms of crude sulfate whose activity is about 60 times that of uranium. 
The Curies then converted the sulfates to chlorides and subjected the 
material to the process of fractional crystallization. After a number of 
crystallizations there was obtained in the most insoluble portion a fraction, 
of a gram of radium chloride which was a million times as active as uranium. 
One ton of pitchblende is said to contain 0.37 gram of radium, 0.00004 
gram of polonium,* and a small amount of actinium. 

In 1902, Geoffrey Martin suggested^ that radioactive elements were 
gradually undergoing decomposition. This theory was greeted with ridi- 

1 See Chem. News, 1903, for translation, of thesis. 

^ Campt. rend. 129 693 (1899) ; 130 906 (1900) ; 136 446, 767 (1903). 

® Marchwald obtained 3 milligrams of polonium from 15 tons of pitchblende. 

* Chem. News, 85 205 (1902). 
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cule at first, but within a ynar Ilutharford and Hoddy adoptiMl thk vi«w 
and soon established it firmly through their epoeli-rnaking Invmiigiitmm. 
Radium emanation was first recognized as a gas in 1002 by Iiiithf*rford ftnil 
Soddy. The revolutional fact that helium results from t!»^ disiiitegrii.tio« 
of radium atoms was first demonstrated by Bamsity and Hoddy in lOO.'i 
The position of the radioactivi? elermailH in the periodic table wan imiiib- 
lished by the cornhincid work of Kajans, Buhsc*!!, Idettk, anrl Htaldy in the 
years 1913-15, through the development of thi^ conc’e|>tion of isotopes. 

Occurrence. — Radium in vvicUdy distrilHitod in nature, noynr 
in veiy concentratcal form and UHually in (‘xccaalirigly miriutf* 
quantities. The prineipal Houree of radium until rraamtly wim 
the Bohemian pitclihlendc^ from whi(di radium was first <»%- 
tractecL This is still the most im|)ort.ant souna* of radtuiri in 
Europe, but the carnotite or(\s of (kilorado now produce a tain- 
siderable proportion of the world's radium supply. 

All uranium ores contain radium and conseciuently may HCTve 
as a source of radium. Torliernite, a hydntied eoppiu* uriinhnn 
phosphate, and autiinite, a hydrated cakdum uranium phos¬ 
phate, are found in Portugal and Australia, from which con¬ 
siderable radium has becm extracdcal. TIktc are apparently 
extensive deposits of low grade torberniic and iiiiiiinite in 
New Mexico. 

In addition to its distribution in minute amoiintH in niaiiy 
rocks and minerals, radium is found in many mimTiil springs ^ 
and in seawater. 

Mining and Concentration of Carnotite.®^* H carnotite is 
the world's most important source of radium, rnticdt interf^st 
attaches to its production. Th(* main cliqaisits now known 
are in the southwestern part of (!oloriido and extending over 
into Utah. The deposit.H are scattering, varying greatly in 
thickness, extent, and purity of the onu The cmrriotite is iwii- 
ally deposited in sandstone, u[>on whi<‘h it forms immrphmm 
incrustations replacing the original ctenierit. Tlic catlor of itifi 
high-grade carnotite is a rich canary ycdlow, the lower griiileii 
having various shades of yellow, orange, lirowri, green, or liliicl. 
The ore frequently crops out along the cliffs or ciiiiynri Wfilli, 
and even if the outcrop is low-grade ore it may lead to ii jiockel 
of rich ore. 

* Bkinner and Sal©, ** liadioaiftivay of Watiir,*' Jmr, Ind. awl Mn§ 

U 949 (1922). ^ 

^&ee Bureau of Mim» Bulktin, 103 (1017). 
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In some localities open mining is used; in the gulleys small 
tunnels are commonly used and occasionally shallow shafts 
are sunk. The ore is loosened by blasting, and sorted into 
waste, low grade or milling ore, and high grade shipping ore. 
The sorting is a dilSicult matter and requires long experience 
and keen judgment. Doubtful specimens are tested with an 
electroscope for their uranium content. The high grade ore 
is placed in small canvas sacks, in order to save the fine por¬ 
tions, which are frequently very rich material. 

The low grade ore, which contains about 0.8 per cent UsOg, 
is sent to the concentrating mills, where it is concentrated to 
about 3 per cent UsOg. The concentration of the carnotite 
involves the separation of the binder from the grains of sand. 
This is done by coarse grinding (80-100 mesh) and separation 
of the fine particles by either the dry or wet process. In the 
dry method the ground ore is run through a special attrition 
apparatus whose function is to rub off the carnotite adhering 
to the grains of sand. Then the fine particles are removed 
by suction. In the wet method of concentration, the ground 
ore is elutriated to remove as much adhering carnotite as possi¬ 
ble. Then the material is thoroughly agitated with water and 
allowed to settle. Finally the slimes are drawn off and the pro¬ 
cess repeated as long as necessary. 

Extraction.^ — Many methods have been proposed for treat¬ 
ing carnotite ores; they are of three general types — those using 
(1) an acid leach, (2) an alkaline leach, or (3) fusion methods. 
Of the acid methods the following are used: (a) Hot strong 
sulfuric acid dissolves from the ore uranium, vanadium, copper, 
barium, and radium; when the extract is diluted to 10 per cent 
free acid the impure radium-barium sulfate precipitates. The 
precipitate may be boiled with ]S[a 2 C 03 and the radium-barium 
leached out with HCl. This method requires much labor and 
the cost is high. (6) Hydrochloric acid leaches out the radium 
and barium, which are precipitated by partially neutralizing 
the acid and adding a sulfate.^ The acid used should be prac- 

1 See “Extraction and Recovery of Radium, Uranium, and Vanadium from 
Carnotite,” Bulletin 104, Bureau of Mines; also H. D. d Aguiar, “ Radium Pro¬ 
duction in America,” Chem. and Met. Eng. 25 826, 877 (1921) and the ooBaments 
on the latter by S. C. Lind, ibid. 26 1012 (1922). 

2 See F. E. E. Germann, “ Adsorption of Radium by BaS 04 /* Jour, Am, 
Ch&m. Soc. 43 615 (1921). 
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tically free from Hulfiiric aeid. T\m nu^thoci will give iiit H(MM) 
per cent extraction if thc^ orc^ in fnn* from HullateH; but Hiiiei* 
gypsum is frequcmtly found in (airnotite on*H ih«* (‘xtracdioii in 
some ores is as low as 40-50 pen* (auit, (c) 1 he* Ilureait 

Mines recommends the UH(»of nitric aeid, whic'h disHolves prac¬ 
tically all valuable conBiituents of the* (»r(\ 1'hc‘ exc'i*HH af*id m 

neutralized by NaOH and th(ui Bat 4** find Il'tSO.! are fidd«*fi. 
The sulfates are reduccal with carbon, dis.s(4ved in IIC1, nml 
the radium-barium chloridi^s HubJ<‘(*t(‘d to fnictimiii! cryHlfdlizfi- 
tion. This method extracts 90 p(‘r c(*nt of f lu* radium, nearly 
all the uranium, Init Icvavcss (amsiderable vanadium in the reni- 
due. The cost of the aeid would be prohibitive, c*xeepi for tin* 
fact that NaNOij is crystfdlizcul from the final licpnus. In IhiH 
way the actual consurnption of nitrite acid is snudL ''Hh* great 
advantage claimed for the nitric acid nH*iho«l is the idliciemy 
in the recovery of radium. 

In the methods using an alkfiline leach th(» ore is boilcHl eit her 
with sodium carbonate which (\xtracts a (^oiiHidiuiiblt* portion 
of both vanadium and uranium, or with sodium liydn^ide 
which removes vanadium only. Radium may tliiui be ex¬ 
tracted with HCl, after which the riumuning itrmiium iitid 
vanadium may bo niclaimed. This nndliod extriuis the viilu- 
able constitiuints of the on*, but nm(‘li <liflicmliy is f*x|M*rienee«l 
in filtering the IlCd solution IxKjfiUHc tlie liberal,i*d silicic ncacl 
clogs the filtering medium. 

Two general fusion methods are used : (a) Fusion ivtili siMliiiin 
sulfate, used liy the Austrian (}ovc»rnmeiit in irentiiig pifccli- 
blende ores, but cannot uscai with Arrie*ric»aii 
(b) Fusion with NasC.X,;)^ brings the nriinitim, vaiiiidiitiiii iifid 
silica into, soluble form. From the iriMoIiible residue !f<*l 
extracts the radium and Imriiim in the form of eliloriilt*?!. 

As the richer ores become more and more diflic!iitt to olifiiiii 
greater attention m natiiriilly directed to 4»xtriictiori metliuffs 
which are efficient in dealing wiili low grade ores, A iiifiliod ^ 
which is said to give 83 fxir cent extrncfiori from mriioliti! or 
autunite containing no more than 5.0 X 1,0‘ ^ t«*r ctmit of riniiiitii, 
consists in sintering the ore with NatJl or CaCJIs with the midi- 
tion of CaCOi. Alter cooling, the mixture is gromiil 
and leached with HCl; then HiSO^ and BmCk are inided. Thti 
and ¥aii Eiiya, Z, amew Chmu M 47? Clt^ip 
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radium-barium sulfate is uhtairuKl as a milky suH|M*nHiori free 
from quarts, thereby rcnlueiu^^ tla* bulk of tie* nialerial to 7 pc^r 
cent of the original onu 

The recovery (^f radium fnun ItiminouH pairds is posBiide ^ 
by dissolving the radium Halts and pnaupifating radiuru-f)arium 
sulfal,(5 in the usual way. The loss during n»covc*ry is about 
1 per cent. 

Purification. — The* (‘xtraedion mcdliodH yield a mixture of 
radium and })arium (‘hlorides sulfalf^s. If sulfab‘H are ol>- 
tained, tli(‘y an* naluetal to tlic* sulfides by mixing witli eliareoal 
and heating tcj al)out HtKP; or (‘hanged in (‘arbonaf(‘s by boil¬ 
ing with Na'it ’t );e 

The sulfidc*s or earlxmab^H are ground dinsoKaxl in IIC1 and 
the chlorid(*H subjeetfxl to fraetional erystalli/aition. lladium 
chlorid(5 is 1 (‘Hh solubles than barium eddoride* and (*onHe(|uently 
the former collcads in tin* hm soluble* portion of the Hi?rieH. 
Other impurities, such as iron, ahiiniriium, and viinadiiim, also 
collect at the Holubli! end and conseciuently give no troidde in 
radium concentration. I4*ad if pn^sent is jjiiriieularly trouliIc> 
some. Some Icaid is removed ns chloride and some* as sulfide, 
but the solul)iIiiy of these* salts and of the* siilfoediloride, 
(PbS)jf • Pbf da, in acid prevents its eornplrde removal from 
strongly add scilutiom It is eomplcUrdy naiioved liy making 
the fractions idkiilim* \vith ainnionin aiifl saturating with IlgB. 
The loss of radium during this o|M»rafioii Iiiih Isfen slio%vn to l>ci 
not ov(!r 0.2 pcT cent. 

After fraetioniiting for a time as chkiricli% it is foiiiKl adviirt- 
tageous to contimie^ the jirtajess ns liroiiiides, procliices 

a more rapid coneentraii€>n of riidiiim.^ The coiivc*rsiori to 
bromides is accomplished hy precipitating ilif* radiimi itnf! barium 
with ammoniiirn carbonnt-e iirii! dissolving tlie |iredfiit.i.ite in 
hydrobroinic add. Crystiillir 4 iiitin of the brorriitk*s m tat 
carried out in silica ware. After 10-12 crystallixafioiw its bro¬ 
mide the least soluble friictioii, which should niiitain 1 -I |s»r 
cent radium bromide, m thtmaighly dried itiwl seiilt»d in a gliiw 
tube. Thi! radium content may lai iletcriiiirieil by ffi(» gittiima 
ray measurement. 

After obtfiiriing a number of tiita in this manner, their 

* A. Cl. Frmiimn. /. Sm, Chrnm. M, 4i III CUri'ii. 

* <J. E. Ik’htill, Jour, Am. 4i SS!l (IWMI. 
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contents are put togc^ther urul the high(‘r fnieU<nint ion (‘arriecl 
out in the BauH^ rntinner. By a re{>c*titi<ui of thin proec»HM, Hi- 
dium material of a high <l(‘grc'e of {)urity may he* (i!»taifieeL 

Various modifications of t}M‘se nu»thodH have* he(*n iiiadcj, 
such as the fractionation of thet hy(lroxitl(‘s ^ and of the icKiideB*^ 

Supply of Radium, “ It is estimated that tla* total amounfi 
of extracted radium in tla^ world is 5 oimct’s. To this 

supply there is being addc*d, during normal timc»H, roughly alwait 
an ounce each year. But sinta* tlie produedioti of this amount 
of radium requires the mining of al>out (KKK) ions on% 

0U8 concern has been felt for the* future siq)ply of tfus c*lc*ment. 
The deposits of Europe* are already showing signs a! c*xhati«- 
tion, and the Bureau of Mines (*st.imateH t hat t lic* (Colorado ore 
now in sight will not produce more t.han IHO grams of radium. 
Others arc more optimistic and place* the* total yif*l<l of the 
Colorado deposits as high as 9CK) grams of the* i‘lc*ment. It is 
worthy of note also that new d{*i)ositH are lH*ing discovereii and 
it is quite possible that new supplies of ore and more efrnd«*nt 
methods of extraction will cause tlie (»ut[nit to inert*ase rather 
than decrease. Can*ful economy in tin* use of radium in tuH> 
essary in spite of the most optimistic reports, howevf*r. 

During the war the inerfutHiul demarn! for raditim HtimulatiHl 
production enormously. With the* signing cd the armistice 
there came a greatly dcerc»aHC‘d demand, eotm(‘(pn»nt ly radium 
production slowed up considf?rahly, until the st(K»k on hand was 
used up. Toward the* cIcksc* of 1919 the radium industry re»* 
vived appreciably and during 1920 tint Udal proiluciion of ra-* 
dium amounted to a|)proximately 35 grams of the elfaitenf.^ 
This is the largc^st out,put of any yc*ar imd in only sligiiily h*.m 
than the total produced ti|) to date from l‘Jiirojs*an orf*s. 

New deposits of uranium-radium orf*H are report.eci from 
Lusk, Wyoming, in Grant (karnty, New 'Mexico, and rieiir 
Georgian Bay, Ont.** The former is bang dt»veIo|>e«i, yieliliiig 
an ore containing up to L5 |>f*r e<mt A new «lc*|amit of 

rich radium-uranium ore is re|')orted at Jachymor, I'iii!ii*ttiiii, 
which is said to contain siifficncmt tm* for 29 yeii.r8. A litrgn 

1 MeCoy, U. S. PaL 1,103,000, July H, 

® Hopkirw and R«hif% HcL nn4 Math. 23 732 11022'! \ Pmr., HL 
Acad, of 8ci. 1921. 

3 R. B. Moon,!, BVnr/. fmd Mia. Jour, ttt IfU Ci92ri. 

'*■ Ann, Report OnL Bur. Minm, 2S iH, 
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and particularly rich deposit of pitchblende has recently been 
discovered at Katanga, Belgian Congo.^ 

The price of carnotite ore is considerably higher than two or 
three years ago, not only on account of increased demand for 
radium, but also because of the steadily growing demand for 
vanadium in the steel trade. The steel industry is also showing 
increasing interest in uranium. 

The price of radium has shown considerable fluctuation within 
the past few years. During the war radium salts of high grade, 
with a purity of 50 per cent or better, sold as high as $125 per 
milligram of the element. During the early spring of 1920 
one sale of over 2 grams was made at $89,000 per gram of ele¬ 
ment. Later in the year the price rose to $110-$120 per milli¬ 
gram, with a slowly rising market. In December, 1922, the 
price had fallen to $70.00 per milligram owing to the rich de¬ 
posits in the Belgian Congo. 

Metallurgy. — Metallic radium was prepared by Mme. Curie 
and Debierne ^ by the electrolysis of radium chloride, using a 
platinum-iridium anode and a mercury cathode. The radium 
was collected as an amalgam which was heated in an atmosphere 
of hydrogen until the mercury was distilled off. Its properties 
have not all been determined. It is to be expected that the 
metallurgy of radium would present particular difficulties, not 
only on account of the scarcity of the material and difficulties 
in preparing its pure salts, but also on account of the fact that 
the difficulties in reduction of the alkaline earth metals increase 
with atomic weight. Metallic calcium is expensive, metallic 
strontium is rare, and pure metallic barium has never been pre¬ 
pared. Consequently, the production of any metallic radium 
is a distinct triumph. 

Properties. — Radium is a white metal, with a melting point 
of about 700°. It blackens rapidly in the air due to the forma¬ 
tion of the nitride. It chars paper, and reacts readily with 
water, forming the hydroxide. It dissolves easily in HCl. The 
element displays all the phenomena of radioactivity which are 
characteristic of its salts. On this account it is custonoary to 
speak of the amount of radium element present in a compound 

1 One ton of ore is said to contain 120 mg. of radimn; B'lM, sac. cMm. belff, 
30 219 (1921). 

2 Compt rend. 151 523 (1910), 
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and disregard the presence of the elementH with whifdi it in in 
combination. 

In addition to the properticB whicdi rfda.i<‘ racliurn tfi flic 
alkaline earth metals, it is distinguisluKl frean f liem Htrikingly 
by possessing the properties of u radioaciivt^ mil)Htanc*e. Hiis 
means that both the ehanemt and its coinpounds (tontifiiioiiHly 
emit the penetrating rays which B(»cciuc*rel obH(‘rvr*d first iit 
substances containing uranium. The emissitui <}f these* riiyrt 
is a permanent and abiding property of radioaef ivf^ afnmH an«l 
the radiation is indeiKuidcmt of light, t(‘mperaiurc% ptt^SHiire, and 
all other physical conditions. No indication of (^hangc^ in f lit* 
rate of radiation has been deb'cted, HltlK)Ugh tlie plierioriitma 
have been observed b(‘tween iemjKU-atures of and •*“ 2r»(f < 
Since all purely chemical phenomena arc^ infiucuuHHl by [diyHic*iiI 
conditions, it is necessary to conclude* that rariionef ivity in not 
an ordinary chemical plietK)merion, but is duc^ to eharigoH within 
the atom itself. These intra-atomic changes are possible br*- 
cause of the very complex nature of the raclioacfivf* afoitis ami 
are caused by the fact that within a givmi infc*rviil of lime a 
definite proportion of the atoms brcaiks up or diHintegriitf*s, 
with the expulsion of radioactive influem^es. It. is m>w ret*og- 
nized that the seat of the explosion whhdi resulfs in disinlr^grri- 
tion of the atom is in the nuclens, Imt the cansr* is miknowm 
In a given interval of time a d(*finite projiortion of tlici af oiris of 
a radioactive element explodes, exf^lling part, of tlw* originitl 
atom and leaving iKdiirul an atom wdih new firopert ies. 

In addition to the influence on the |)lioiogritphic plaic! iiricl 
the discharge of the cdecttroscopr*, raditKaeflve sulisf-aiiees him* 
certain very striking effects. They rc»ncler iliiimoiids, rnbiits, 
fluorspar, and zinc sulfide brilliantly phosphorescteiii. They piti- 
duce severe burns on the flesh and kill low(*rfiriimitls; they emigii- 
late proteid; transform oxygen into ozone; forrii liydrogeii 
peroxide, and decom|K)se water slowly but eontiritioiisly ; fjiey 
change yellow phosphorus into red ; rcfcliicf* merctiric giiil« to 
mercurous, and ferric to ferrous; they dc»coiiif‘awe toilfifurifii 
potassium bromide, hydrogen sulfide, earbin clicixide, anil iiflter 
compounds. 

Three distinct ty|H»s of radiations are ref?ogriizefl 11ie 
Alpha particles are I'Kmitively charged, are projected af. viirytiig * 
velocities from different atoms, but of tlie order of i^n- flic 
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vtdoculy of Yiirht. Tluw Havp low |■Mnlot^l!.ir]||^ powor, so never 
travel far from tlnir sourta^ l)Ui they are the maifi {!iuiHe of pliog- 
phc)reHccaH*(‘. have* a mass of four and are known to he 

lieliurn atoms (*aeli (airryinii; t.wo iK»sifive eliaiw»H of okai.ridty. 
They e.omprisf* a!)ouf 60 p(‘r (-eni (d‘ the* radialicm from nidiiim. 
They an* distingiiislaMl hy the followirt|i: (‘liaraeterisf ic'h : Tliey 
are ahsorlxMl hy lOeim of air or O.I mm. of midallie aliimiidiiin ; 
they show a positive de(h*eti(»n in a magiadic* field; fht'y pro¬ 
duce ioni/xition of a and afTeet a hare pilot ographic plate 
(piitr^ strongly, though their low |>en(drating power dor*s not 
enal>lc‘ tln*m to afTeet a |>Iatf* wldc’h is wrapped in pa|M*r, The 
Bda i)artielt*H are m^gatively eharged and are sfiof ofT at ve» 
lociti(*H varying frotn 20 to 66 |Ma* emit c»f the veloeity cif light. 
They corn*Hpond to tin* cathode* rays wldc'h an* prodiierxl hy a 
vacuum tulx* discharge, and are consiilen*d st tvmm in^gat ively 
charg(*d (‘lecirons. Their smaller size and Iiigfif*r ve!o(»ity give 
thcan grcxitc*r penetrating ptiwer than tin* alpha piirtieles. Tliey 
arc^ abhi to pc*n(*trate ns much as three niilliiiieters of aluminium. 
'Fhey comprim* almut nine jK*r cent of the nidium radiations. 
Tliey are distinguislied from tin* otln’r forms of nidiatkin liy the 
fact tlnit ihi*y are absorlaal in a thick sheet of aluminium^ 
that th(*y show a ninrkc*d negative d**f!ectiori in tin* inagiiefie 
field, that they are highly (*fTeetive in producing ionizalJoti, fliio- 
reseerice, and photographic efTiwts. ThpGammu riidiiitions diffi^r 
from the alpha and !»et:i in that they are iitif iiif!iif»iicefl liy a 
I>owerful magnetic field. Tht!>' have trenifutcloiw iMUietnitifig 
power, as they have ln!en known to puss ihroiigh 20 coritiincileri 
of lead. Sima* a solid lias file power of iilif4i:irlii!ig giifiirriii riiyi 
indin*ct profwrtion to its <!i»nsity,ii sliect of iiliimiriiiifii tttiist Ixi 
five times as thick m l«5ml in order to pnaliice the sfiiiie 
tiom The gammii rays arc* not riiaierii.il Mr.ili«tiifice at nil, litil 
pukatic,.in8 similar to Itontgeri rnys. Tlif\y lire vih.iiilJi:iriif of 
vc*ry short wave .length. 

Thus it isseen that a radioactive stilmfiirtei* is eoiifiiiiioiisly 
airlifting a tremendous anionnt of energy. Onn griiiii of riidiiiiii 
evolves energy valent to llS calorics ia*r hour more 
than mioiigh to raii«! its own weight of wafer from if tt> Kltf, 
During the half life jieriod this n^presiuifs flines m 

much energy as is obMinabte by burning an weight of 

m&h 
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At the present time there are recognized about 35 distinctly 
different elements which emit radiations. At first it was diffi¬ 
cult to locate so many elements in the periodic system, but the 
difficulty was solved when it was recognized that atomic num¬ 
bers, not atomic weights, are the fundamental characteristics of 
the elements. So the theory of isotopes explains how several 
elements may occupy the same position in the periodic table. 

These radioactive elements differ among themselves both in 
the rate at which they emit radiations and in the type of radia¬ 
tion. Some elements emit alpha rays only, others emit beta 
rays, while a few elements appear to emit both. Since both 
the alpha and beta rays are made up of electrons, it is evident 
that when an atom loses either an alpha or a beta particle the 
residue is different from the mother atom. If an alpha particle 
is lost, the atomic weight is decreased by 4 and the residue must 
take a position in the periodic table two spaces to the left. If 
a beta particle is lost the atomic weight is not appreciably 
changed, but the loss of an electron changes the chemical na¬ 
ture of the residue, which moves one space to the right but re¬ 
tains its former atomic weight. Thus the disintegration of 
the parent element produces a radioactive element which 
becomes in turn the parent of another product. So a whole 
series of elements arises from a single primary radioactive 
body. Three such series are recognized, usually called the 
uranium, thorium, and actinium series. There is reason for 
believing that the actinium series is in some way related to 
uranium^ probably through a branch chain from uranium II. 
(See Table XIII B.) Both uranium and thorium are con¬ 
sidered primary radio elements, since neither is the product of 
the disintegration of any known element. 

The relationship between the members of these series may be 
better understood by studying a few members of one of the 
series. Uranium, the parent substance of its series, has an 
atomic weight 238, but its atoms are not permanently stable. 
In any second of time one atom out of each 10^® explodes and 
emits an alpha particle which is a charged helium atom. 
The residue accordingly has an atomic weight 234, and its 
properties show that it is a different element. This substance 
is called uranium Xi, and its chemical properties are identical 
with those of thorium, from which it differs in mass alone. 














The Thorium Series 
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The atoms of uranium Xi arc likewise unstable, and during 
each second one atom in every 10^ disintegrates, expelling a 
beta particle. This forms other new atoms which have the 
same mass as those of uranium Xi, but differ from them in 
chemical behavior. These new atoms comprise the element 
uranium X 2 . But the atoms of this element represent a very 
unstable form and one atom per hundred explodes each second, 
liberating another beta particle and forming atoms of the ele¬ 
ment uranium II, an isobar of uranium Xi, and uranium X 2 , 
and an isotope of the parent, uranium. Uranium II loses an 
alpha particle, producing ionium, of atomic weight 230, isotope 
of uranium Xi. This process continues until a stable atomic 
structure is reached, when the series ends. 

If the atoms of the radioactive elements continue to shoot 
themselves to pieces by throwing out radiations and forming 
new elements, it is evident that in time any given sample of 
an element will disappear. Since the rate of radiation differs 
in different elements it is evident also that some elements will 
disappear more quickly than others. The rate of disintegration 
for the various elements has been studied and is usually expressed 
in the time required for any sample of an element to disinte¬ 
grate to haK value. This is called the half life period. Table 
XIII shows the three disintegration series, the atomic weight of 
each element,^ the radiation which it emits, the half life period 
and the most common substance which is isotopic with the 
product. The atomic weights shown in heavy type have been 
determined experimentally. 

Table XIV shows the position in the periodic table of the prin¬ 
cipal members of the three series. By starting with the parent 
element of each series and following the dotted arrows it is 
possible to trace the series through to the end. Atomic weights 
are shown xmder each symbol and the atomic number of each 
group of isotopes is given in parenthesis. 

In several places in these series an unstable arrangement 
seems to give two disintegration products, due to the fact that 
some atoms expel an alpha particle while at the same time other 
atoms give off a beta particle. This gives rise to the branch 
series, the more important of which are shown in Table XIIID. 

^ In the actinium series atomic ntimbers are given because the atomic 
weights are imcertaui. 
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It iH tc> 1)0 notod that, Uu* hraaoli .sc*rios iiHiinlly rTi)rr‘i*^r*fitH fnily 
a vciry HUiall proportion of tlio atonm and tliiit thirst* fpiirkly 
rc^vctri to HtahlcMitoniH. In tlio rano of II if,, is poHsiblo that 
tho hram^h Hi^rivn may give rise* (o tlio artiiiiiiiii sorios, hiit 
this is not ycd dofinitidy nsfablishod* 

The final |)roduct of (‘U(*h s(‘ric*H is an isofopo fif load Biit 
according to the theory lead from nidioaefivc sonrres H’lioiilfi ho 
exactly like ordinary lead <*xee|)t that it Hlioiilrl ditTf*r froiii it in 
mass- A reinarkahl<‘ confirmation of the theory etniifH from 
the fact that haid from ra.-<lioaeiivf^ minerals lias l^eeii fotirid 
to have a dilTca-ent idomic* wedghi from that hIiowii by ordinary 
lead. The vahien cmcad remarkably well with those retfiiired 
l)y the thcH)neH. 

Another eonfirmation of tlif* tlieories of nifiioiiefivity eornes 
from the discovery" of tlie eleiiient protoiielinitiin, Actiiiiuni 
was for a time considered the primary riidicMdfmimit of it-s series, 
but it was recognised that it might Im* the dfa»orii|Mmifioii firral- 
uct of an unknown imrcmt. If such ii lairenl substniice exists 
it must prcKluce aediniurn by the loss of .either ii k*fa finrficki 
or an alpha partieden If tht^ fnririer titkr*s place, tliiai the iiar- 
ent would have an atomic* numlK^r 8H, atomic widglif. 2211, and 
must fall in flroup 11 and b* im isotojM* of ritiliiim. Such n 
iubstanee would la* iridtHtingiiishiible from racliiiiri itsedf. If, 
on the other hand, actiiniiiti is fornied frorn it.s }airent:. by Itn* 
loss of an aliiha particle, then the riioftw*r siilistitiif*e shotilcl 
have an atomic tiumb*r fil iini! should b^rir the same relallciii- 
ship to tantalum that riidiiini Isaira to liiiriiiiio Herire tiiii- 
talum imlte might be nmnl to concentriite iiie tdeiiieril. When 
iohiblo tEntalum salts were first iifkled to pitcliblefide residiiiw, 
then extriieted and. purified, ii wm foiind tliiii tlif*y liiid frroitie 
radioaetive and that the mdioactive clefiieiit extriirled in this 
way yielded aetiniiim on disinlegmlion. Tlit* new fdiaiteiit hfw 
named prohmetinium (or protmeliniiim), Pit, weight 

230 and. iitomle number tl. It, in turn, may Im the dlsiiifeira- 
tion product of iimnium. (See Tiibl« XIII niid XIV.) 

As soon m the imt wm aitablished timi rfidiiim disiritegrates, 

‘ Sfxidy ami Hyman, Prm. Chmn, Hoe. 39 JW (IWH); T. W, »mj 

hid ef>-w«rfecr», Jour. Am. Ckem, Hoe. U 133« mU ); 38 SfSl. IlSflH, 2f}l ;M Kdd) i 
39 /i3l (1917): 40 1403 (1018) j 43 1860 (1030); Wdmmaiy, HmUhmttimn Hepnt, 
1918, p. 205. 

* BjJta and Mnitner, Phyiik Skk .» m (1918) and 90 137 (iOlU). 
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yielding niton and helium, the question arose: Shall radium 
be considered as an element or as a compound of niton and 
helium The general belief now is that radium is to be con¬ 
sidered an element and that its disintegration is a phenomenon 
entirely diflferent from chemical decomposition. The reasons 
for this belief are as follows: — 

(1) Radium has a spectrum which resembles that of an ele¬ 
ment rather than that of a compound. 

(2) While the radium atoms are intact they obey the same 
laws as other atoms, such as the laws of definite and multiple 
proportion. 

(3) The rate of disintegration is indepolndent of all physical 
conditions. (See pages 65-67.) 

(4) The disintegration of radium is accompanied by the 
emission of particles, a fact which is not duplicated in a single 
purely chemical reaction. 

(5) The evolution of heat during the disintegration of radium 
is vastly greater than during any known chemical change. 

(6) The disintegration of the radium atom is independent of 
the chemical combination in which it is placed, and proceeds 
at the same rate whether the atom is in the metallic state or in 
combination as a halide, carbonate, sulfate, etc. 

Consequently, the decay of radioactive atoms is considered a 
phenomenon which is produced by forces within the atom itself, 
and is quite a different type of behavior from the disruption of 
a molecule of a compound. 

If the theory of the degradation of radioactive elements is 
correct, then radium is a product of the disintegation of ura¬ 
nium, and the former should always be present in ores of the 
latter. This is found«to be the case. Moreover since uranium 
yields radium and radium in turn disintegrates giving other 
radioactive elements, a balance ^ must be established and there 
should be a definite ratio between the amounts of uranium and 
radium in their ores. The ratio between the two elements in 
various samples of pitchblende has been shown to be constant,^ 
but for a considerable time it was supposed that the ratio in 

1 It must be observed that this is not an equilibrium in the usual sense, ainee 
the reactions involved are not reversible. 

2 See Boltwood, Am. Jour. Sci. 18 (iv) 97 (1904) ; Gleditseh, Le Madium, 
8 256 (1911) ; Pirret and Soddy, PhU. Mag. 21 (vi) 652 (1911) ; Marokwald and 
BusseU, Ber. U 777 (1911). 
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carnotite was not the same as that in pitchblende. But a 
careful study ^ of the radium-uranium ratio in carnotite ores 
has shown that the ratio is 3.33 X 10”’', which is identical 
with that found in pitchblende. This is a splendid confirma¬ 
tion of the truth of the theory. 

A study of Tables XIII and XIV" makes clear the signifi¬ 
cance of the terms isotope (meaning the same place) and iso¬ 
bar (meaning the same weight). Isotopes are elements occu¬ 
pying the same position in the periodic table with the same 
chemical and physical properties except mass as, for example, 
Thorium “(232) and Ionium (230), both with atomic number 
90. Isobars are elements occupying different positions in the 
periodic table, having different valences and different chemical 
properties, but the same atomic weights, e.g. Thorium B (212) 
in Group IV, resembling lead, and Thorium C (212) in Group 
V, isotope of bismuth. It is evident that the change of an ele¬ 
ment into its isotope involves a change in atomic weight, whereas 
the transmutation of an element into its isobar involves a change 
in properties. The latter is produced by the loss of a beta 
particle, a negative electron, from each atom. Is this trans¬ 
formation unique among radioactive elements or do we have 
analogies among the common elements? 

To answer this question consider ^ the relationship between 
ferrous and ferric iron. These two forms of iron have the 
same atomic weight and they differ in valence, chemical prop¬ 
erties (one resembling magnesium and the other aluminium), 
and in absorption spectra. We may change a ferrous salt to a 
ferric by the removal of a negative charge or electron. So 
ferrous and ferric iron appear to be isobars. But there is one 
very essential difference to be kept in mind. The change of 
ferrous to ferric is easily reversible and wholly within laboratory 
control, while the change of a radioactive element into its iso¬ 
bar is spontaneous and so far as we know now quite irrever¬ 
sible. It seems quite reasonable to assume that in one case 
the radiated electron comes from the outer ring of the atomic 
structure, and in the other case it comes from the nucleus of 
the atom. 

1 Lind and Whittemore, Bur. of Mines Technic. Paper 88 (1915). 

* See Stewart, Recent Advances in Inorgamc Chemistry, 
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Radium 

Uses. — Radium compounds find a limited use in such in¬ 
struments as the spinthariscope, Fig. 6, and Strutt^s radium 
clock. The latter is an electroscope so arranged that the leaves 
are alternately charged by radium and discharged 
by grounding. It is a curious contrivance which 
transforms the radiating energy of radium into 
motion which approaches perpetual. (See Fig. 7.) 

The two most important commercial uses for 
radium compounds at present are in medicine 
and in the manufacture of luminous paint. 

The use of radium in medicine depends upon 
its ability to check the growth of animal cells. 

It has been found to be efficient in the cure of 
surface cancer, warts, lupus, and ulcers. The 
penetrating gamma rays check the progress of such undesirable 
growths. Radium has recently been used for 
the bloodless removal” of tonsils. It is 
also claimed that the emanation of radium 
(niton) relieves gout, rheumatism, and di¬ 
abetes, because it increases the excretion of 
uric acid. It is administered either by in¬ 
halation or by drinking its solution. 

Many conflicting statements are made by 
medical men concerning the efficiency and 
safety of radium treatment for cancer. It is 
probable that many of the failures have re¬ 
sulted from the use of too little radium or 
from lack of skill in its use. It seems certain 
that radium treatment has been wonderfully 
successful in curing certain types of cancer. 
Its use for this purpose is increasing rapidly. 
On account of the high cost of the material 
other sources of gamma radiation have been 
used, such as mesothorium, radiothorium, and 
radium emanation. Since the latter is the 
most concentrated, it is the most effective. 
Although the emanation deteriorates rapidly, on account of the 
intensity of its action and relative low cost it is being used 
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Giunip n. HAimiM , mkhotiiohium 



with increaning frcMiueney. Ho ini|K>rfant clc? meilic’al mint 
connicler ihin uho of ra,<iiuiii iaaf(*rial fhat <li*- 

irumded Ic'ginlation forhi<lding ila* uh(‘ of niiiiiiiii for liiiiiiiioiiH 
paintB. 

The use of raditirn in Hf‘lf-hiniinouH paiulH clf‘|>f*nfis cm flie 
fact that when tin* alpha pa,r!i(*li‘H witli flioir n|»|ireriMlile mo- 
nientuni strike sona^ Hp(‘eia,lly prepareti mip siilfidr^ t^rysfalH a 
glcjw is produecal. Thc‘ rnahaial is prepared hy iiiixiiig a rii- 
dimn salt, tistially the laailral rhloridf» or hroiiiide Hialiifioip with 
th(* phoHplioreseeiit zine suHidf* and drying in the iL'irk. Then 
a paste is made* with varnish aial sonic* solveid likr* iniiyl itieoliol, 
caire being taken not fee destroy the erysfalliiif* striiciiire of flie 
zine Bulfidcn The* mixture* is applied with, a !»riish, after wliieli 
it is dri(‘d and a prolc*etiv«* eoatina of white shellac* acldral, Tlie 
laitc‘r Icmgthens tlic* life* of the iiainf but Iowc*rs its liiiiiiiicisity, 
probably by interfering witli tia* iilpba nidiation. The nnioiirii 
of radiuin UHcal is execMalingly snialL I1ie riritiHli Adiiiiralty 
speeified for its war-time usc! 0 . 4 , milligriini of liiilirs I'^r gritiii of 
ZnS. In the United Htat(»H a srriidlrr {jrofKirlion of radium m 
used, generally from 0.1 to 0.2ri millignifii of I In* cdeinetif. iht 
gram of ZnH. Whc*re low liititinosify iind Icmg life lire desired, 
as littte as 0.01 milligram of raciiuiii is used fc.cr ii gritiii of ZiiH. 
The Btatement is made that a IiiiiiirM,iiis wiileli cliiil eontiiins 
from 10 to 20 eents' wortli of riidiiiiii. 

The degree of brighiiii’ss of suc.di limiiiioii.s lairfuees lias bf*eii 
determined as of the? order of 10 mierfieiiiiclles |ii*r »|iiarr! eeriti- 
meter. This may eom|>ii.it‘d rotiglily to llie lirilliiiney of ii 
pieee of white piifM^r illimiinitied by flit* liglii of I tie full fiiiM'iri* 
When the paint m first pmpiinai, its brigltfiiiw ml her 

rapidly for 1{U20 days, them it diiiiinislies gradiiitlly for a iiiiicdi 
longer priod, lifter whieh the Iiiiiiiriosily reiiiiiins iiliiitmt eon- 
stiint for several yeara. The fmiil eihaiisfiofi of the piiiiif may 
la! caused either by the fiiilrirt! of ftii* riidioiiciive jiriiieiple 
or of the zim sulfide. The radiiiin seems to h* ablif to pro¬ 
duce liimlnwity .for a long |'ir‘rifid of years, m> the ritit* siilfide 
(‘rystiils lire! e%haiisti*d fijmt and liecome iiifitfiiiliic* of renfforid- 
iiig to the alpha bombfirdmimt. This exhittisliofi oeriirs more 
rapidly when the per of mdiiirii is Tims the Iit- 

mimmn paint preimr^ under th© of ilie Iritiih 

Admiralty lf«« half it« brilliiypicy in a ymr, wWlc llie Aiticrieaa 



RADIUM 


77 





paints, which are less luminous at first, do not deterioriate to 
half value in less than 4 or 5 years. 

The luminous paint industry received a tremendous stimula¬ 
tion during the war. Not only was the luminous watch dial a 
great convenience, but instruments which could be quickly and 
accurately read at night became an absolute necessity in the 
navy, in the air service, and wherever an ordinary light could 
not be used. It is said that a single airplane, equipped for 
night flying, required nine different instruments with luminous 
dials. One American firm claims to have sensitized over a half 
million dials for the United States Government. The consump¬ 
tion of radium for this purpose was at one time as much as 500 
milligrams per month. 

After the war-time demand had ceased, other applications of 
the paint were made and quickly became popular. Now, in 
addition to watch and clock dials, luminous paint is used to 
mark street signs, door plates, push buttons, or almost anything 
that may need to be located in the dark. The amount of 
radium used in this manner has been enough to cause serious 
concern in regard to the future supply, but the largest use of 
radium at present is in treating cancer. 

Attempts are being made to improve the color of precious 
stones by radium treatment; in some cases the treatment has 
been successful, but in other cases injury has resulted. 

Compounds. — Not many of the compounds of radium have been 
studied carefully, owing to the scarcity of the material. They resemble 
quite closely the analogous barium compounds. Their peculiar nature is 
shown by the fact that they are always somewhat warmer than their sur¬ 
roundings, due to the considerable heat which they are continually radiating. 
Radium salts produce a carmine color in the flame. The principal salts 
are as follows: — 

Radium chloride, RaCb or RaCh ♦ 2H2O, forms colorless crystals when 
pure; but when barium is present the color is yellow or pink. It is some¬ 
what less soluble in water and hydrochloric acid than is BaCh, with which 
it is isomorphous. 

Radium bromide, RaBr2 or RaBr2 • 2H2O, is the salt most commonly 
used in purifying radium material. It gives off bromine in the air, forming 
the hydroxide. 

Radium hydroxide, Ra(OH)2, is also used in purifying radium. It is 
strongly basic, absorbing carbon dioxide from the air. 

Radium carbonate, RaCOs, is insoluble like the alkaline earth carbonates 
and is precipitated by adding (NH4)2C08 to the solution of a radium salt. 
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Radium sulfate, RaS 04 , is less soluble than BaS 04 , the two being com¬ 
monly precipitated together. 

Radium nitrate, Ra(N 03 ) 2 , is soluble and is formed by dissolving the 
carbonate in HNO3. 

Detection and Estimation. — The detection of radium may 
be made by its effect upon the photographic plate. In testing 
ores the length of exposure necessary to obtain 
a given result may be used in a roughly quanti¬ 
tative fashion. The discharge of the spectro¬ 
scope is a sensitive test for radium and may be 
used quantitatively by observing the time and dis¬ 
tance at which discharge is produced.' The radio¬ 
scope, Fig. 8, is an instrument arranged to detect 
radium emanation by its effect upon phosphores¬ 
cent zinc sulfide. The emanation is released by 

Fig. 8. — previously shaking the finely ground ore with 
Radioscopb water. 

The quantitative determination of radium may be made in a number of 
ways,^ the method selected being determined by the nature of the material 
to be analyzed and the degree of accuracy required. 

The alpha-ray method consists in comparing the surface radiation of 
the sample with that of an equal surface of a standard. The method is 
simple, rapid, and suitable to low-grade material, but is not capable of 
great accuracy. 

The gamma-ray method compares the rate of discharge of the electro¬ 
scope as shown by the sample and a standard salt. This method is simple 
and capable of an accuracy of 0.3 per cent. It is best adapted to the 
analysis of solids comparatively rich in radium, but may be xised for material 
which contains 10^ grams of radium per gram of material. 

The emanation method involves the separation of the emanation from 
the parent radium and measuring the quantity in a special standardized 
electroscope- The emanation may be removed from solution by boiling 
or aspiration; the most accurate method of testing a solid is to inclose it 
in a container for a month or more and test the emanation which is in 
equilibrium with the radium present. 

Radium may also be determined by precipitation as the sulfate. 

In speaking of the strength of any radioactive body it is customary ^ 
speak of the grams or milligrams of radiuru which are equivalent. Thus 

1 See S. C. Lind, Jour. Ind. and Eng. Chm. 1 406, 1024 (1916) ; 12 469 
(1920) ; V. F, Hess, Proc. Am. Electrochem. 80c. Baltimore meeting (1922); 
Hess and Damon, Phya. Rev. 20 59 (1922); Owen and Fage, Proc. Roy. 
Soc. 34 27 (1921); B. Szilard, Compt. rmd. 174 1695 (1922); N. E. Dorsey, 
Jow. Opt. Soc, Am, 6 633 (1922). 
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the expreKHion “ one milligram of mcHothorium cloen nrrt rrienfi a milli¬ 
gram of weight of the elcamait rne8f)thorium hat 8Urh a quantity of IIiih 
element as would give a gamma ray activity {*(jual to that of a milligram 
of radium in some compound such an radium chloritie. 

A unit Hometimes used is the curie. It is the amount (»f ratliiiifi emima- 
tion in equilibrium with a gram <»f radium metal. a curie cxpelfi flic 
same number of alpha partieh^s pesr secraid as a gram <»f radium. 

Likewise the intensity of (‘.very product of tin* uraruum-raditim m*rim 
should he expresBcai in terms of the raditmi (a|uivalcnf., 'riuw ten 
milligrams of polonium ” signifies an amount of ptdonium which woithl he 
in efiuilibrium with ten milligrams of radium clement or ten milliciiticii 
of emanation. 


MBHOTnOHIlTM ^ 

The heavy deniand for radiuiu uud ifn Hcandty Itave greatly 
stimulated seareh for a suit4ihle Huhstituteq loaitini would 
be ideal if it could obbiintHl f)ure, but tlie most Hueeewful 
substitute for radium is mesothorium. 

This element was first id(»ntifi<‘d and d(w*riljed by Otto lliilin 
in 1905. It is the first d(*comiKmition jiroduct of tlmriutri 
(sec Tables XIII and XIV) and in reality is eorn|KmcHl cjf rneHiH 
thorium 1, an isotope, of radium, ^fnd m<»Hotiuaium 2, an isotope 
of actinium and analogous to lanthanum in |)rop(*rtic*H. Hahn 
regarded th(^ former as raylc^ss, with a half-life* periotl of 5.5 
years, and the latter as emitting both h(*t.a and gamma radia¬ 
tions with a half pc^riod of 6.2 hours. Tht* df*eay c^f mesothiK 
rium 2 produces radiothorium, an isotope of thorium, with it 
half period of two years, yi(*lding alpha radiiitif»ris. (lorisr*- 
qucntly, after mesothorium has stocKl for a time it eorisists of 
an equilibrium mixture of mesothorium I, mcwothoriimi 2, and 
radiothorium, from which alpha, beta, and gamma radiations 
are expelled. It is to Ik* noted that radio! horiuiri, whtfdi is 
always present in thorium mim*rals, c%armot Im Hf*pfiriited from 
thorium by any known method. The only sourer* of radio- 
thorium is mesothorium. 

Mesothorium is mon! active than radium. From it study of 
the half-life ratio betwraui mesothoriiim and radiimi (IH lHIMII, 
Hahn concluded that a milligram of mesotlioriurii by wi*iglit 
should be as active as 3(K) milligrams of ritdiuim. ITr* U. H, 

* Sec Otto Hahn, Zeii. amtrg. Chtm. S# 1110; (%mi, Zig. 11 Slfi f|<i|*l|; 
Bur. of Mimm Technical Pajmr Ho. UO, liiid mimmilly Bur. ui Mmm frthl 
meal Paper No. 205 (1922). 
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Bureau of Mines says that mesothorium is three times as active 
,as radium, weight for weight. 

Mesothorium is found in all thorium minerals. The ratio be¬ 
tween the two elements as determined by McCoy ^ is 0.52X 10"^. 
The reciprocal of this ratio 19.X10® is the weight in grams of 
thorium in equilibrium with a quantity of mesothorium which 
has a gamma ray activity equivalent to one gram of radium. 
Hence, a metric ton of monazite sand containing 5 per cent 
Th02, which is subjected to 90 per cent extraction, would yield 
2.5 milligrams of mesothorium. The importation of monazite 
into the United States in 1914 was 385 metric tons, from which a 
little less than a gram of mesothorium could be extracted. The 
world^s consumption of monazite at present is estimated as 
about 3000 tons annually: On the same basis this would yield 
between 6.5 and 7.0 grams of mesothorium. This would be 
almost a forlorn hope as a source of material to be used as ra¬ 
dium substitute, were it not for the fact that the mesothorium 
is a by-product and that very large quantities of monazite resi¬ 
dues have been stored up. Previous to the entry of the United 
States into the war there had been no mesothorium extracted 
in this country. But because of the enormous war demand for 
luminous paints, methods were devised for extracting this ma¬ 
terial. The principle involved in the separation is based upon 
the fact that mesothorium is like radium chemically. Con¬ 
sequently, the separation of mesothorium-barium precipitates 
is similar to the separation of radium-barium which has already 
been outlined. Mesothorium is said to be extracted from 
monazite now used in the United States. 

Since monazite contains an appreciable amount of uranium, 
radium is always present and the methods of extracting meso- 
thorimn concentrate the radium also. Consequently, com¬ 
mercial mesothorium contains considerable radium, which is 
responsible for 20-25 per cent of the radioactivity produced. 
Since, however, the mesothorium is much more active than 
radium, it is estimated that commercial mesothorium is com¬ 
posed, weight for weight, of 99 per cent radium chloride and 1 
per cent mesothorium chloride. 

When first extracted, mesothorium is useless for the manu¬ 
facture of luminous paint, but as the amount of radiothorium 

1 McCoy and Henderson, Jour. Am. Chem. 8oc. 40 1316 (1918). 
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increases the alpha radiation increases, making it more effi¬ 
cient in luminous paints. The maximum alpha radiation is 
reached after four or five years. Consequently, it is customary 
to allow freshly prepared mesothorium to ripen for a year or 
more in order to develop its alpha radiations. After reaching 
its maximum, mesothorium decays at a much faster rate than 
radium, losing one-half its luminosity every five or six years. 

During the ripening process mesothorium is emitting beta 
and gamma radiations and is serviceable in medicine for the 
same purposes as radium. It has not become popular with 
the medical profession, probably because its relatively short 
life makes its final cost high. 

Mesothorium is not a common article of commerce, so can 
scarcely be said to have established a market price. In 1913, 
it sold in England for £5 per milligram equivalent. In the 
United States it has sold as high as $75 per milligram equiva¬ 
lent, but the usual price runs from 40 to 60 per cent of that of 
radium for an equivalent gamma radiation. In 1921 the price 
ranged around $60 for an amount equivalent in activity to one 
gram of radium element. 

The development of mesothorium in medicine does not look 
encouraging as long as the supply of radium is sufficient to 
meet the demand. But its use in luminous paint seems to have 
been weU developed in Europe. It is particularly well adapted 
for this purpose, especially for objects which arc themselves 
rather short-hved, and it is to be hoped that its use will increase 
in order to conserve the radium supplies for medical purposes. 

The separation and estimation of mesothorium are accom¬ 
plished by the same methods that are used for radium.^ 

1 See Bur, of Mines Technical Paper No. 110, pp. 25-27. 





CHAPTER V 
GROUP n —BERYLLIUM 

The first four members of Division B show a striking family 
resemblance, with gradual changes in properties. Mercury 
in many respects resembles copper, as for example in the numer¬ 
ous ammoniacal compounds formed. Zinc, cadmium, and mer¬ 
cury form a typical triad; beryllium and magnesium resemble 
each other closely and form a connecting link between the 
alkaline earths and the zinc sub-group. The vapors of all 
five metals of this division are composed of monatomic mole¬ 
cules. The physical properties are shown in Table XV. 


Table XV 

Constants of the Magnesium Family 



BSRTLIilXJM 

Magnesium 

Zinc 

Cajjmium 

1 Mebcury 

Atomic Weight 

9.11 

24.32 

65.37 

112.4 

200.6 

Specific Gravity 

1.64 

1.75 

7.1 

8.6 

13.6 

Melting Point 

1280° 

633° 

419°.4 

321° 

-38°.7 

Boiling Point 


1120° 

918° 

778° 

357° 

Atomic Volume 

5.5 

13.8 

913 

13 

15.4 


The members of Division B differ from the alkaline earth 
metals by being more easily reduced to the metallic state; all 
the elements are stable in the air at ordinary temperatures, 
except beryllium, which is slowly oxidized in moist air; the 
ease of reaction with steam decreases with increased atomic 
weight. 

The compounds of these elements are all bivalent, except in 
the mercurous series, and resemble the corresponding com¬ 
pounds of the alkaline earths except that they show a greater 
tendency to form basic compounds. Division B sulfates are 

1 Honigsclnnid and Birckenbach, B&r. 65B 4 (1922) obtained the value 9.018 
from a study of the ratios beryllium chloride to silver chloride and to silver. 
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soluble and crystalline, readily forming double sulfates, with 
the exception of HgS 04 . The hydroxides are nearly insoluble 
and are more easily decomposed by heat than the hydroxides 
of Division A. 

Historical. — In 1797, Haxiy, a mineralogist, found that the minerals 
beryl and emerald had the same physical structure, hardness, and specific 
gravity. He asked Vauquelin to make a chemical analysis to see if they 
were not of the same composition. In the course of the analysis Vauquelin 
found that while these two minerals were of the same composition they 
both contained an oxide very similar to alumina but differing from it in the 
fact that it was precipitated from its KOH solution by boiling. Further 
study showed other peculiarities; its salts had a sweet taste; its hydroxide 
was soluble in dilute ammonium carbonate; and its sulfate formed irregular 
crystals but no alum with K2SO4. 

In his published account Vauquelin unfortunately failed to give the new 
element a name, but referred to it as the earth of beryl.” The editors of 
the Annales de Chimie suggested the name glucina, meaning sweet, be¬ 
cause of the peculiar taste of its salts. This name, however, was not uni¬ 
versally accepted, especially when it was recalled that a sweet taste is not 
peculiar to the compounds of this element. The German chemists used 
the name “ beryl earth,” from which the name beryllium was applied to 
the element. Whether the element shall be called glucinum or beryllium 
seems to depend rather upon personal preference than upon any other 
consideration. 

The preparation of metallic beryllium has been attended with some 
difficulties. Sir Humphry Davy attempted to reduce BeO with potassium 
vapor but failed. Later he fused iron filings and BeO, obtaining ^ a metallic 
mass, somewhat malleable, which yjras probably an alloy of iron and beryl¬ 
lium. Wohler, in 1827, prepared metallic beryllium for the first time, re¬ 
ducing BeCh with potassium and removing the KCl from the impure 
beryllium by the greater solubility of the former.^ 

Occurrence. — Beryllium occurs in a large number of min¬ 
erals, some of which are quite common and contain a consider¬ 
able amount of the element. Beryl, Be 3 Al 2 (Si 03 ) 6 ? contains 
roughly 14 per cent BeO; chrysoberyl, BeO • AI2O3, contains 
19.8 per cent BeO; phenacite, 2 BeO • Si02, contains 45 per cent 
BeO; and gadohnite,^ Be 2 Fe(Y 0 ) 2 (Si 04 ) 2 , contains about 10 
per cent BeO. In addition beryllium is found in many less 
familiar minerals, in some of which BeO makes up more than 
half the weight of the material. 

The best known and most important mineral is beryl, which 

1 Phil. Mag. 32 152 (1808). 

2 Pogg. Ann. d&r Physik und Chemie, 13 577 (1828). 

^Jour. Am. Chem. Soc. 38 875 (1916). 
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is known in a variety of forms. In the common opaque form, 
beryl is found in large hexagonal prisms sometimes weighing as 
much as a ton each. In the transparent forms, which are much 
more rare, the color may be green, blue-green (aquamarine), 
yellow (golden beryl), blue, or red (rose beryl). Emerald is a 
variety of beryl which owes its bright green color to chromium. 
The common beryl is widely distributed over the United States, 
deposits being reported in nearly all the New England states, 
in Virginia, Pennsylvania, Alabama, Colorado, and other states. 
Numerous deposits are reported from France, especially in the 
Vosges, where an exaggerated saying states that the streets 
of Limoges are paved with emeralds. Particularly rich and 
extensive deposits are found in Madagascar. 

It has been estimated that beryllium comprises between 
0.01 and 0.001 per cent^ of the earth^s crust, and there is 
reason for the common belief that when the comraercial uses 
for beryllium become considerable enough beryl will be found 
to supply any possible demand.^ 

No reliable information is obtainable in regard to the recent 
production of beryl in the United States. It is estimated 
that during 1919 the total production did not exceed 25 tons 
of ore. The usual product contains 10-12 per cent BeO and 
sells at 3-4 cents per pound wholesale at the mines. 

Eirtraction. — A very large number of methods have been 
proposed for the decomposition of beryl,^ which is considered 
the only commercial source of beryllium. 

Gibson's method ^ is based on the principle that ammonium 
hydrogen fluoride effects the complete decomposition of beryl 
at a low temperature, even if the mineral is only coarsely ground. 
Much of the silica is volatilized as ammonium fluosilicate and 
the beryllium and aluminium converted first to fluorides, then 
sulfates. The former is separated by solution in (NH 4 ) 2 C 03 . 

Lebeau's method ® fuses the ground mineral with CaF^, 

1 J. H. L. Vogt, Trans. Am. Inst. M. E, SI 128 (1902). 

2 H. Copaux, Chimie et Industrie^ 2 Aug. (1919) and J. 8. Negru, Ch&m. and 
Met. Eng. 21 353 (1919). 

3 See Parsons, Chemistry and Literature of BeryUium, 190S, Chem. Pub. 
Co., Easton, Pa.; Copaux, Compt. rend. 168 610 (1919); Negpru, Chmn. and Met. 
Eng. 21 353 (1919); also, James and Perl^, Jow. Amer. Chem. 8oc. 38 875 
(1916). 

* Jour. Ch&m. Soc. 63 909 (1893), 

* Qompt. r&nd, 121 601 (1895). 
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and adds H 2 SO 4 to the melt. Silica in npdhd m BiF 4 , whili* 
the aluminium and beryllium aprx^ar an HnlUiim. I 1 ie 
acid is neutralized by K 2 COa and <‘viipomticin lucmf^ a! tlic 
alumina separates as KA 1 (S 04 ) 2 * 12 1120 . Ammcmiuio car* 
bonate is used to separate the bc^rylliiini. 

The method proposed by Pollok * the beryl witfi cjitiafh* 
soda, dissolves the mass in IK'l, prc*ci|)itatcH ilu‘ hydroxide*!^ 
with NH4OH, and redissolven in IK1. Th(*n l^y nat uniting 
this solution with HCl gas, the* iiliiiiuna in (irccipiiatiai an 
AICI3 *41120. Finally (NIl 4 ) 2 ( in uml to Hepiiriiie tin* 
beryllia. 

In Parsons’ method^ the mineral Is fiiHcni with KOII, dig* 
solved in H2SO4, and evaporatcHl to dfbydrntc the Hilica, Tin* 
soluble salts are taken up with water and aioKt of thf* idiifnifiii 
removed as alum by concentrating t he Holutiori. The* rerrmirider 
of the alumina and the iron are r(unovc»d by n corH*<aitrated hoIu- 
tion of NafICOa, while the herylliii in pnnapitilled by diliilifig 
and heating the bicarbonate solution. 

A method proposed by Copaux ^ digintegraff*H the ore by 
heating with sodium fluosilicat(‘ at H5tr. Hilicn reutairm no* 
attacked while beryllium Bodiurn flnoride in forincHl Tliii* 
is readily soluble, while the corn^KpoudioK iilurnininrn mdi 
is nearly insoluble. The small liinoiutt of iiripiiritiegi present 
are removed by converting to the HiilfiiteH iind erygtiilli/Jiig 
BeS 04 • 4 H 2 O. This method has lM*en in c‘ofiinif*rciiil use in 
France since 1915. 

A study of the efficiency of thc*sr» methods fiiiM been itiiidc* tiy 
I. E. Cooper^ with the desire to imi their efiiciency. Ilis 
conclusions are shown in Talde XVL 

These results were obtained on IHKgrimt mirnpleg, imd nfifiiild 
be considered typical rather than firiitl Tiny indieiite two 
very serious problems which must solved tiefore the tiirge* 
scale extraction of beryllia can teccittie a c’oiisidf^riililf* rtifintier- 
cial success: (1) obtaining BeO fairly fri*c! from itiipiirilii’g, 
especiaUy irem and aluminium ; (2) devising 11 rneihml by wltiidi 
better yields can be obtained. The memmly for 
naethods is evident from the lightnew of liiffyllliiiii, it«if. Ilijg 

1 Tram. E&y. DtMin Sm. B tW (mi4h 
® Ch^Mry and XM^rmum of Biri/IHiim, 

^ Chimie et Indimtri^ S Atii^. 

* Theaw, University of tliimm. Sunk liStl.. 
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a ton of brryl c'otilniniiiK M fx-r Bpf> woub! yidil ii liltlft 
over HO poiintlK of tnnfallio IxTylliiim if fioth the extraction 
and reduction were W) jx^r cent etfic'icnt. 

Separation. — R<*rylliiim ih prccipitatcfl from its solutions 
by alkalk'H alotiK with aluminium aiul iron, with which it is 
commonly aswociated in naf,ur»\ BcffUIta rcwndilcs Alf<>II)i 
in Ix'ing Holublc in excess of fixed idkali, but ilifTers ’ from it 
in that Be(OlI)* is repraeipitatinl o» boiling wliile Aik ill)* 
is not. One of the most natisfactory inclhoti:^ of w-punifiiig 
aluminium from Ijerydliiim is by Ixiiling a solution to %vhic!i 
jiiKl (‘twiiigh (} NNnOH hiwi t>ei»n itddi»d tci dis-solve the precipi¬ 
tate which first forma. A «iturated Kolutiou of «odium add 
earbomite disaolves Be(OIl)* but tiot Al(t)Hh or Fe{t)lf),i, 
If a inixtun* of AlCl* and BeCU is liiken iiji with wafer and 
ether,and Ilf'1 gas added, AK 'U • A ll^t > is precipifafed, while the 
beryllium nunaimi in wilutbn. By adiliiig hot glacial aeetle 
add to a mixture of acetates, Imsic IxTjdlium ncefg.fe nepanites 
on cfKiling. Fusion with NttiCO* I'onverts Al/b into soluble 
NiiAlOj, while BeO remains insoluble; fusion with NajBiF* 
produces soluble NatBeF 4 and insohifde Na#AIF«. 

In each of these methods conditions must Is* very tiarefully 

> i«e H. T. i. Britton, Amfyti, mmirnim (Itt3l>; 47 m (im. 
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regulated, since the behavior of beryllium is very markedly 
influenced by minor conditions. These relations are not well 
understood at present, hence the separation of beryllium 
presents unusual difficulties. 

Metallurgy. — The fused beryllium halides are almost non¬ 
conductors of the electric current, consequently, the metal 
cannot be prepared by the electrolysis of the fused simple 
halides. If BeCh is mixed with NaCl and NH 4 CI, or BeF 2 
with NaF, the electrolysis may be carried out successfully. 
The removal of the metal from the electrolyte presents some 
difficulties. The melting point of the metal is higher than that 
of the bath, consequently the beryllium separates in flakes, 
which must be separated from the mixed fluorides. This 
separation is laborious because the fluorides are difficultly 
soluble in water and if the water becomes either alkaline or 
acid the metal itself will dissolve. Secured in this manner the 
metal is in the form of small flakes which may be melted and 
run into ingots by heating in a vessel of magnesia or beryllia 
in a stream of hydrogen. Beryllium pxide dissolves readily 
in fused cryolite and the solution on electrolysis yields beryl¬ 
lium or its alloys ,* electrolysis of a mixture of barium fluoride 
and sodium beryllium fluoride is also a promising method of 
obtaining the metal and its alloys.^ 

Beryllium has also been prepared ^ by other methods: ( 1 ) Be¬ 
ryllium chloride is easily reduced by sodium or potassium, 
but the chloride must be in the anhydrous condition and its 
preparation is very troublesome. ( 2 ) The Goldschmidt pro¬ 
cess yields metallic beryllium containing about 10 per cent 
aluminium. The application of external heat is necessary in 
order to raise the temperature above the melting point of beryl¬ 
lium. (3) Potassium beryllium fluoride mixed with sodium 
and heated strongly gives metallic beryllium. 

Metallic beryllium has never been obtained except in small 
quantities. The metal is quoted (1913) at $3.75 per quarter 
gram, which is about four times the war price for platinum. 
This value is entirely artificial, and when beryllium ores are 
successfully reduced the metal will be both reasonable in price 
and plentiful in amount. It may never, however, become a 

1 See E. A. Eagle’s Thesis, University of Illinois. 

2 See Jour. Am. Chem. Soc. 38 875 (1916). 
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eommcm metal on amauil a! thf‘ aiiioiitif obtniaahli* fnari 
its oroH. 

Properties. — Many confliefing statemiaitH an* itiacif* in 
regard to tlio jjroperfios af laaylliiim, doubt loss of flu* 

difficulty of obtaining thocdoinoiit in pun* fonii. Siiutl! ninounlH 
of impuritioH would b(* ox|Ma‘t(*d trj irifluiuico its profMTtioH 
greatly. 

Beryllium in d(»Heribecl * hh si!%a*ry while for stra*l gniy) in 
color, \¥ith a hardnt^Hs of b or 7 on *\bili*s If naillf*- 

ahle, ciinily forged a.nd cold rolled, n liigh imiIihIu but its 

ten.HiIc Htnuigfh and rigidity are not kntuvn. Its j-ifManfic 
gravity in l.b4 foIdf*r valin*H nui as liigli nn LH): its H|s»rifie 
heat IB proliably I hr* higfic‘Bt of any of thr* UB«*fiil riitiidH, varying 
with temperafurr* itp to 4tMr olMf, wtif‘ro it br*eoiiii'*H «»ruiHtiiiit 
at 0.02; flic* lafont hr*al of fiiBion is very liigh, in the iiriglibir* 
hood of 2CK) mloric*B; the* !at,c*!it heal' rd vnimrhnium is prolmhly 
the highest of all r^kaiienlH r*xeefif, «‘iirhoii and boron; its cdec* 
trical eonrluetlvity ^ is higher than llial (4 rofiinT; iipprciarfiiiig 
silver in this reHj'a*et'. Positive ray aniilysis^ givt^B no iiidim* 
tiori of tlic* prem*ii<a* of iBoto|K*B. 

The metal is more jwwitsaiienf in the nir Itiaii iiingneBiiirii, 
oxidizing slowly and BUfreifieinlly in inoiBl air. liinlecl 

to redrie»i in oxygen it^ oxidizes on the Burfnee, fltr* oxide » 
formed aeting m a \mtUH*iivv eriafing. When lln^ fwiwrii^pH! 
iiictid i« heiited in the air it burns lirilliatilly, fnrfiiifig the 
oxide. The heat of oxidation was ilet,r*rtiiiii**f| iinhrerfly by 
Copaux iiial foiiml to tw* IftLSChiL Hiis pliiiw 

iMirylliiirn iriiitiedkiiely after eiilriiim iititl jiiiif iM^ore liiiilhaiiiifii 
in the tmlile of heiits of oxitiiifion of flit* cdeitieiitB. I¥iiter or 
ateitni is not ileeomj.ioHial even nt red tieiit.. When heated in 
the electric arc in an iilrnfmphf^re of tiydrugeii it BtililiiiieB, 
fonnhig II gray mirror whicti rmarihlca iiin«*tiie. It dir« iiot 
unite directly with milfwr vapor hut f*orfiliiiie« iviili rtiitiriiiti 
and tiroiniiie, firmiiiciog an incnnileiirMfnce. Hie mictiiiii with 
icMlini! in iiiore difficult. At the iiaiija^raliiie of t!ie rleclrfe 
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furnace it unites with silicon, forming a hard, brittle mass which 
takes a high polish. It unites directly with both carbon and 
boron and alloys readily with many metals. HCl gas attacks 
it at slightly elevated temperatures and the solution dissolves 
it easily, liberating hydrogen. It reacts with concentrated 
H2SO4, liberating SO2, and with the dilute acid, yielding hydro¬ 
gen. HNO3 has very slight action on it even at the boiling tem¬ 
perature. It is not attacked by ammonia, but dissolves easily 
in KOH solution, liberating hydrogen. 

Uses. — The most promising use of metallic beryllium is in 
connection with the formation of alloys, many of which have 
been studied briefly. Of these the aluminium alloy has at¬ 
tracted particular attention because of the lightness of both 
metals and the hardness and strength of the alloy. These 
metals alloy in all proportions. The mixture of 90 per cent 
aluminium and 10 per cent beryllium ^ has a specific gravity of 
2.5. The addition of beryllium to the alloys of calcium and 
aluminium increases the solubility of calcium in aluminium 
and makes a tougher and more malleable product. An alloy 
of 85 per cent aluminium, 10 per cent beryllium, and 5 per cent 
copper has a specific gravity of 2.8 with a tensile strength and 
toughness equal to bronze. 

An alloy with a specific gravity as low as 1.5 may be made 
by using up to 25 per cent lithium with beryllium. This prod¬ 
uct oxidizes superficially, after which it is said to be as resistant 
to corrosion as iron. Alloys of beryUium with magnesium are 
impossible ^ to make by direct methods, because the latter 
boils at a temperature below the melting point of the former. 

The alloys of beryllium and copper have received much 
study. These alloys are of value in making scientific instru¬ 
ments on account of their electrical properties. They also pos¬ 
sess a resonance of excellent quality and are prized for the 
making of musical instruments. 

Beryllium and silver alloy readily, forming a eutectic at 878® 
with 16 atomic per cent of beryllium. These alloys increase 
in hardness and diminish in ductility as the per cent of beryllium 
increases. 

Alloys of iron containing up to 21 per cent beryllium have 
been made, a eutectic being formed at 1155® with 38.4 atomic 

I V. B, P. 1 , 33S, 965, March 16, 1920. ^Z&U. anorg, Chem, 97, 6 (1916). 
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hydrolyzed; the iodide is difficult to form and reacts readily with organic 
compounds. The fluoride and chloride form many double salts. The 
anhydrous chloride is best prepared by passing a current of chlorine over a 
heated mixture of beryllium oxide and carbon or over the hot carbide. 

Be(N 03)2 *3 H 2 O is extremely hygroscopic and can be crystallized only 
with difficulty, best from strong nitric acid. When heated on the steam 
bath it gives a basic salt, Be • NO3 * OH • H 2 O, easily soluble in water. 

BeC 2 is obtained by heating a mixture of BeO and carbon in an electric 
furnace. It is slowly decomposed by water and dilute acids, giving pure 
methane. A basic carbonate of varying composition is precipitated as a 
fine powder when an alkali carbonate is added to a beryllium solution. 
When carbon dioxide is passed into a suspension of this basic carbonate the 
normal BeCOs • 4 H 2 O is formed and crystallizes with difficulty. 

Beryllium sulfate crystallizes with 6, 4, 2, or 1 molecules of water. The 
anhydrous sulfate is formed at 220° and at red heat BeO is formed. The 
sulfate forms no mixed crystals with the sulfates of copper, nickel, or iron, 
as do the other members of the magnesium family. 

Beryllium forms double alkali tartrates in which beryllium not only 
replaces the acid hydrogen but also to some extent the hydrogen of the 
radical. The presence of the beryllium increases the molecular rotation 
not only of the tartrates but even more noticeably of the malates. 

Basic beryllium acetate is prepared by the action of glacial acetic acid 
upon the dry carbonate or hydroxide. It is only slightly soluble in water 
but is hydrolyzed, becoming soluble. It melts, boils, and sublimes without 
decomposition. It was used by Parsons for his atomic weight determina¬ 
tions. 

Detection and Estimation. — Beryllium is detected in qualitative 
analysis by the reactions which distinguish it from aluminium, zinc, and 
iron. (See Separation.) 

Spectroscopic detection of beryllium has been suggested.^ Since be¬ 
ryllium salts of themselves give no absorption spectrum, it is necessary 
to form a lake with some organic coloring matter. Best results are obtained 
by a dilute alcoholic extract of alcanna root. When the mineral salts are 
added to this extract, it is possible to detect 1.6 mg. BeO in the presence 
of 2 grams aluminium and 2.0 mg. BeO in the presence of 2 grams of iron. 

For the estimation 2 of beryllium, usually the hydroxide is precipitated 
by NH4OH and ignited to BeO. 

1 H. Brunner, Dissertation, Techn. Hochschule in Zurich. 

2 See Compt rend, 168 612 (1919) ; also Parsons’ Chemistry and Literature of 
BeryUium. 
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characteristic valence of all the okiinents is 3, althoiigfi tljalliurri 
forms a well-defined series of imivalent salts and several of the 
rare earth group form i)eroxid(\s. 

The most striking facts concerning this group are in con¬ 
nection with the abundaneci of the ekunents. Aluminium is 
the most abundant metal and the third most abundant c*lement 
that we know, making up 7.28 per ecuit ^ of tlie world whicdi 
we arc able to examine. With the exception o( boron all the 
other elements of this group are scarcer, and sonn^ of theun are 
among the least common of all the elements of tlu^ periodic 
table. 


Thk Rare Earths 

The term '' rare earths ” is used to <k»signate a group of (ele¬ 
ments, closely related chemically, which an^ phujed in Division 
A of Group III. They were calk’d “ earths ” bc’cause th(*ir 
oxides resemble those of th(j alkaline earths, and the diwigryition 
“ rare was originally aiiplied because of their scarcity. Now 
many of these elements are known to exist in considiuiibk^ quan¬ 
tities, but the term rare is still strikingly applicable! because! 
of the unique relationships of the group. 

The rare earths may ha defined as a group of trivnlent mrdals, 
forming basic oxides, with oxalates insoluble! in dilute tniiieral 
acids. Their fluorides are also difficultly soluble*, hcmce* they 
may be separated, in geuH’ral, from otiier cdeummtH by adding 
oxalic or hydrofluoric acid to tlieir solutie)n, to wliicdi Hf»ine 
mineral acid has previously Imen added. DoulitleHS the* most 
striking fact which chanicterizc’s the^se (‘lernemts is the n»r«iirk* 
able similarity in both the physical and chcunical proiKirties of 
their compounds. Their main differences are in the solubilitii^s 
of their salts and the l>aBicity of theur oxidc^s, which varies be¬ 
tween that of the alkaline earths and that of alumiriiytii. 

The term rare earth grotip is a rather indefinite out 
because there are no very sharply drawn boimdary liiieii. 
Strictly speaking, the term should include only those cleitiniite 
between cerium with an atomic nurnlar of 58 and tiiiitaltirri, 7*1. 
This would include the following elements; pri»»odyri:iiiittq 
neodymium, ekancodymiiim (undiscovered), ifirriftriiiiii, iftiro- 
pium, gadolinium, terbium, holmium, dysprc»iuiii| erliiiini, 

* Estimate of F. W, Clarku; mm kb Qmmh§mmir^, 
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The mineral now known as cerite was discovered in 1751, but nothing 
unusual was observed concerning it until 1803, when Klaproth discovered 
that it gave an oxide resembling Ekeberg^s yttria quite closely. Berzelius 
and Hisinger made a similar observation simultaneously and the names 
ceria and cerite were proposed for the oxide and mineral respectively. 
These names were derived from the planetoid Ceres which was then newly 
discovered. 

It was soon discovered that these oxides were in reality complex, and other 
oxides were one by one isolated from the original mixtures. The detailed 
history is long and confusing because of the complex nature of these oxides 
and the great difficulty in obtaining pure compounds. An outline of the 
history as it has finally developed is sulB&cient for the present purpose. 
See Tables XVII and XVIII. 


Table XVII 


Yttria, 

Gado- 

lin, 

1794 


Historical Development of the Yttrium Group 


Erbia — Terbia 
Mosander, Delafontaine, 
1843 1878 


' Terbia 

de Boisbaudran, 1895 
Urbain, 1904 

Gadolinia 
Marignac, 1886 


Terbia — Erbia 

' Holmia 
Cleve, 

1879 

Thulia 

Cleve, 

1879 

' Holmia 

de Boisbaudran, 1886 

1 Dysprosia 
de Boisbaudran, 1886 

' Neo-ytterbia 

Urbain—W elsbach, 
1906-07 

Mosander, Berlin, * 
1843 1860 

Ytterbia 

Lutecia 

Yttria 

Marignac,' 
1878 

Urbain—Welsbach, 
1906-07 

Mosander, 

1843 

Scandia 

Celtia(?) 


1 Ndson, 

1 1879 

Urbain, 1911 


According to our best information at the present time the following 
elements are recognized: scandium, yttrium, lanthanum, cerium, pra¬ 
seodymium, neodymium, samarium, europium, gadolinium, terbium, 
holmium, dysprosium, erbium, thulium, ytterbium (or neoytterbium), 
lutecium, and celtium.i There is some evidence for the opinion that thu- 

^ Coster and Hevesy announce the discovery of hafnium (see Nature, Jan. 
20, 1923, p* 79), an element of atomic number 72. This element is described as 
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cates are the most common form, pho.sphait's a,rc‘ numerous 
and important, while halides, carbonates, oxidc‘s, tilaiiales, 
uranates, columbates, tantalates, and zireonatr^H an‘ fouml iri 
varying degrees of complexity. There an^ about 150 difTenail 
rare earth minerals listed.^ The following an^ scane of (he 
best known: — 

Gadolinite, a silicate of beryllium, iron, and yttrium group 
metals of the typical formula^ Fel^e^YaSiMOio. It, usually ec»fH 
tains 35-48 per cent yttria, with oiitsid(‘ lirtiits of 5 (K) p(*r cent. 
It is found in Norway, Sweden, Texas and (’olorado. 

Xenotime, a rare earth orthophosfhaU^ with ThOst SiO*. 
Zr 02 , etc. The cerium earths vary from 0 to II p(*r cauit ami 
yttria from 54.1 to 64.7 per cent. Occurs in the* diamond Hands 
of Brazil and in Norway. 

blTb/) witli U, Zr, and Th, 
contains 2.3 —8.4 per cent Ce, 13.2 — 34.0 fHU* emit Y, and 
20-23 per cent Ti() 2 . Norway, Australia, North Carolina. 

Fergusomtej E 2 O 3 • (ChTa)^^^ with d'li, Zr, U, Fc*, and C!a. 
Co = 0.5-13 per cent; Y = 27.9-47.1 per cent; HiOs i 
Zr 02 = 0-7 per cent. Norway, Australia, lexas. 

SamarskitCf (Fe, Ca, IJOa)^ K 2 ((4t Ta)fi() 2 i, coritainH Tc 
= .1.2-6.4 per cent; Y = 4.72-21.2; ThO^ 4 ZrCKj Cl 7 
per cent. Ural Mountains, North (>arolina. 

Monazite^ EPO4 with Th, SiOg, etc., (k* » 49-74 pc*r cent; 
y = 0-7.6 per cent; Th ()2 — 1-20 |)er cent, Bra^^dl, C*iiro- 
linas, Idaho, Ceylon, India, etc. (Sec iMantk* Iridiistry under 
Thorium.) 

Ceritej basic silicate, H 3 (C]aFc)Ce»Si/)i 0 , contnins Ci* » 5 IIJ- 
71.8; Y = 0-7.6; ZrOg = 0-11.7 per cent. Swedrm, Cauertstw* 

Orthite or Allanitef a hydrated silicate, cHsentiidlv lIsCI* 
4(Ca, Fe", Be)0 • 3(AlFe'"K)2()B • 0 SiO^. Ct* ricr 

cent; Y = 0—8 per cent; ThO?, ® 0-*3.5 pir cenL Wiflcdy 
distributed in (ireenland and Scaindiimvia. 

YUrocente, CaiE 2 Pi 2 -1| H 2 O, contains Ce « Y • 

8.1-29.4 per cent. Scandinavia. 

The examples given include typical rnineriilii, wliicli iirci of 
interest mainly for their rare earth content. In iidilitititi hi 

I See Levy, The Ram Earths, pp, 7-89. 

^ la ta© fonaalas for ia:i»©ral» Y l» to b© uaclfiritooil m rtpriwaitlfiig fllfitiiti 

group ©Ifflaeate, and Ce, cerfuin group elemeato. 
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these, many minerals contain appreciable amounts of rare earth 
elements but are themselves of value chiefly for some other 
constituent. Among such minerals may be mentioned badde- 
leyite, columbite, ilmenite, polycrase, rutile, tantalite, thorite, 
thorianite, titanite, and zircon. Nearly all the minerals of the 
radioactive elements also contain small amounts of rare earth 
materials. Since most of the typical rare earth minerals are 
distinctly radioactive, it has been suggested that there must 
be some relationship between these two groups of elements. 
No definite relationship has as yet been established. 

Extraction. — The method selected for the extraction of rare 
earth material from its ores depends on the nature of the ore 
itself, the presence or absence of certain related elements and 
the particular purpose for which the extraction is to be made. 
The following discussion must be considered general in scope 
and by no means exhaustive.^ 

The ore is ground to a fine powder and extracted with acid 
or fused. The acid used is generally HCl or H2SO4, although 
HF is sometimes employed. The fusion mixture may be 
KHSO4, NaOH, or KHF2. The use of HF or KHF2 is generally 
limited to minerals containing considerable amounts of colum- 
biuih and tantalum. The fluorides of these two elements are 
soluble, consequently they may be effectively separated from 
the insoluble rare earth fluorides. The latter may then be 
decomposed with H2SO4. 

The solution of rare earth salts is saturated with hydrogen 
sulfide to remove lead, copper, bismuth, molybdenum, etc.,' 
and the rare earths precipitated by adding oxalic acid solution. 
Separation from the common elements is somewhat more ef¬ 
fectively accomplished if both the solutions are boiling hot, 
the oxalic acid being added slowly while stirring. The crude 
oxalates are filtered and thoroughly washed. 

If either thorium or zirconium is present in any amount, it 
is usually removed at this point by boiling the crude oxalates 
with (NH 4 ) 2 C 204 , which dissolves all the zirconium and most of 
the thorium.^ Some rare earth oxalates are dissolved slightly, 

1 For more detailed discussions see such works as Levy, The Rare Warths; Spen¬ 
cer, The Metals of the Rare Earths: B5hm's Darstelhmg der seltmen Erdm^ vol. i. 

2 Many other methods have been used for removing thorium, such as the 
use of HaO», NasSjOa, PbCO», or precipitation m sebacate, funwate, meta- 
nitrobeinsoate or iodate. 
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but for the most part they remain undissolved. Thorium may 
be completely removed from the rare earths by repeated treat¬ 
ment with (NH 4 ) 2 C 204 or by precipitation from a neutral or 
very slightly acid solution with H 2 O 2 . The white precipitate 
so formed is a good qualitative test for thorium. 

Separation. — After the removal of columbium, tantalum, 
thorium, and other elements which might interfere with the 
separation of rare earth elements from each other, the next 
step is usually the separation of the material into cerium group 
earths and yttrium group earths. This is best accomplished 
by the James method as follows: Mix the dried oxalates with 
enough H2SO4 to form a thick paste, then ignite cautiously to 
expel the excess acid. Dissolve the anhydrous sulfates formed 
in this manner in ice water and sift in solid Na 2 S 04 or K2SO4. 
The former is usually less expensive, but more is required to give 
a saturated solution. The order of precipitation is approximately 
scandium, lanthanum, cerium, praseodymium, neodymium, sa¬ 
marium, europium, gadolinium, terbium, yttrium, dysprosium, 
holmium, erbium, thulium, ytterbium, and lutecium. The 
sodium earth sulfates of the first six elements' are difficultly 
soluble, and these are sometimes separated and designated as 
the cerium group elements. The double sidfates of europium, 
gadolinium, and terbium are slightly soluble, and these are 
designated as the terbium group. The double sulfates of 
yttrium and the elements following it in the above list are 
very soluble. These are called the yttrium group elements. 
Usually the sulfate separation is used to divide the rare earth 
elements into the two groups known as the cerium and yttrium 
groups. In this case the division takes place at gadolinium, 
which is found partly in one sub-group and partly in the other. 

The separation into groups cannot be made sharply because 
the yttrium group elements begin to come down before all the 
cerium group has been precipitated. Consequently, to obtain 
the cerium group free from the yttrium group, much of the for¬ 
mer must be left in solution; likewise to precipitate completely 
all the cerium group enough alkali sulfate must be added to 
cause the precipitation of a considerable amount of the yttrium 
group. Consequently, the amount of alkali sulfate added will 
depend on whether the object is the elimination of the cerium 
or the yttrium group. 



iHiovv ill riiK HAUK KAirniH 


If tin* ill iiiirni thr fiMrifinniiMii tif Hfinic* iiinirihnm 

ill llif yffriiiin if is iln^inihli* fn rmiiiiVf* nil cjf 

tlin nnriuui with t!i»'n!kn!i Milfntr. If nJliHvnil Ilirniiinin 

ill ni'ntiiii dis^trilnifi'N nnnirii^ iinniiy nil thn frnr- 

Ilf llif‘ ytlriiuii niid tin* H*|innifiuiiH fur- 

tlif r on. 1'#* hf’ nl! fin* nriiiim |irnri|iit;itf'd if •§ irimcl 
firiirfin* Ih ruiifiiiii** ailflirig Xn;u<n| nn Inrii^ ;ih flu* riniifiyiiiiiiiii 
liin*N ma lip vraii in ifn* inn. Whf^ii flinHi* an* 

fill viMl4<’ it i«- in*rlniii flint rnriiiiii in |inirfirnlly nil 

rnrinvrd. 

Ffir Hnnin ihi* prvm^nvr^ nf ni^riiini in tfii* yttriiirij 

gnniji in iifil nlijnriinnnfiF' nini tmnl ni'mi^inn no cori- 

riTii, IwnnoiHi* it in |■‘^tHiIy nioovoil I#y t!ii« fnlloiviiig trnnfinniif.., 
irliif'li in ii-H iii%*irly qinifititntivo nn nny o|w*riifiori in llin mrn 
mrfti iirotifi: Mnk** tin* nitmfi* milnturn froin ivliirli wriiim in 
III ho miifiVini iioiitrnl ninl ndil f *itC 1.^ in .Mtiiiill to knof) it 

iit*iitrn.l; tlion inl4 l\HHh nmi fioih Tho rnriiirii in oxidizpcl 
III till* i|ijn«lrivjilp|it I'oiiilifjoii liinl {iforifiitnfoH iw n tindr «ilt, 
■Hiriiiliir oscidiition iiho itrroin|iliNlii*!| hy flm iif^c* of KMiiOi. 

If flip fihjorf of itio in tln^ |»iirifif*:itioii of Ihf* rnriiim 

griiil}t» flip liiiiin |iMr|Mi,w’m ifir romoint! of tin* ytfriiiiii grotifi i« 
ill I'lrpi-pfit thr itifi*rf«’ri*nor of fln-'w* ivitfi flio friitiiortiil 

rryufiilliniitiofi of thr rpriiiin for ftin yfiriniii group if 

firiwiif ill ipnintitioH ivill ffrpvf*rit ftir* f*ryHln1liM- 

iiori of f ill* iiiiin* j^oliihli* of fln^ rrriiiiii group, A.« ii 

of tim mtnuii*itu if tin* rrmh* o?«i4liifi*« from tfio 
itmmd roiifiiiri Ii*w llifiii 2h jn^r nml yltritirii onrflw, il in itcl- 
vmihh* iootriif tlir Kn0h troiitinorif iintl prrirt*i:*fl at onrr with 
Itir fnirtiofiiil oryptjilli^jition of flio riitriiion, Tln^fi tlin yitriiiiri 
oioiiioiitii rollrri townril llio nofiifilf* orifl of tfio m*riri imd whtii 
fliry iwottip ahiiiirliiiit piiongfi to iiilorforo witli tlio rrywlfiflh 
m^tkm of ftip of tlio ooritirti group ihr XiifKfli 

f jofi lilifiiilfi Im liwi 

llio riirr oiirih rlofnimln mrh ollior mi olomdy Ihitt 

tito finliiiiiry tmmm of mqmratioo of im iivitil, 11 io iiiPthiifli 
ti«tl If* mrr riirfli mwk mmmt Iwti ioiiornl fl) tliour iIi*- 

m fill* ifi iwiliihilifji^ of tfio vitrtoiw mltn, 

imfi i 2 | thim* liiuml ntmn fhii iliffwrirris in thii Imkiiy cif itit- 
mtriti, Tritil# ICIX «liowi mm^ iif ifit* k 4 w«!n Hit 

mmilnm ml fhi* rarr mHh grotito Hit tirtirr ifi wliirti the tl#* 
















101 





102 


GROUP III —THE RARE EARTHS 


ments arrange themselves in the solubilities of their salts will 
vary somewhat with the different salts and the order of 
basicity varies slightly, but in general the order is that shown 
in the table. 

The method of fractional crystallization is used to separate 
members of the rare earth group from each other. It depends 
upon the fact that analogous compounds of the elements have 
slightly different solubilities. This method is carried out by 
the use of various salts and a variety of solvents. Its general 
principle may be illustrated in this manner: If we have a satu¬ 
rated solution of a mixture of salts of differing solubility and 
evaporate of the solvent, ^ of the solute will crystallize; the 
crystals will be composed largely of the least soluble members of 
the mixture, while the mother liquor will contain nearly all 
the more soluble salts. If, now, the crystals are dissolved in 
enough solvent to form a saturated solution, then again partly 
evaporated, a new crop of crystals is formed more nearly pure 
than the first. By adding the second mother liquor to the first 
and repeating the partial evaporation, another crop of crystals 
is produced. By continuing in this fashion adding the mother 
liquor from each fraction to the next more soluble portion, the 
original mixture may finally be separated into a series of frac¬ 
tions, each one differing from its neighbors. Sharp separations 
are difficult by this methdd and impossible if the differences in 
solubilities are slight. As applied to rare earth mixtures, thou¬ 
sands of crystallizations are necessary and at best the separa¬ 
tions are not quantitative. It is evident that the end fractions 
are more easily purified than the intermediate ones. If the 
salts are quite soluble, the least soluble one of the mixture will 
be most easily purified. 

Methods depending on the differences in basicity are of sev¬ 
eral types, such as fractional precipitation, fractional decompo¬ 
sition, etc. As an illustration of the method of fractional pre¬ 
cipitation we may consider adding a precipitant like NH4OH to 
a solution of a mixture of salts. If only a small amount of 
ammonia is added, the precipitate will contain more of the less 
basic constituents than the mother liquid. If the precipitate 
is filtered out and more ammonia added to the filtrate, another 
precipitate may be obtained. By proceeding in this fashion, 
the noixture may be separated into any desired number of 
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fractions in which there may be noted a progrcBsive degrc^c^ of 
basicity. Separations by these methodn aiv. j)(*rFuipH 1 (‘Hh tcHli" 
ous than by fractional crystallization, but thc^y usually iuvedve 
more work and arc never quantitative^ 

Fractional decomposition dofKmdson the fa(;i tbat if the rare 
earth salts of oxy-acids arc luxated th(‘y form })a,Hic salln wliieh 
are difficultly solulde. The case with wlii(;h this eltaugc! iakc^H 
place depends upon the basicity of the (‘Icatuatiu Aec’ordinpjly, 
if a mixture of nitrates is licatcd family, the rtU)h*(nilc‘H con¬ 
taining tlie less basic metal arc^ (diarigcHl to the insoliiI>I(‘ t)asic 
nitrate first. As usually carried out the inixed nitratc‘s iO(* 
heated in a casserole to the desinnl t(anp(*i*atur(‘, poured out on 
a marble slab, taken up with waUa, and iho. inHolul>lc itiaicrrinl 
filtered out. By dissolving tlui basic salt in HNOs thc‘ |)rocr*HH 
may be repeated and a scjries of fra(;iionH oldained similar to 
those formed by fractional crystallizations. 

It is evident from the prirunples upon whi(*h ilicBC fractimiiil 
methods are based that only by long c,ontinu(id r<ri>etition can 
anything like a pure product b(i obtained. In vc‘ry few ciisf^s 
will a single method suffice to yi(‘ld a pure (jornpound. Almost 
always the worker is required to s(doct a eoml)ination l)y whic!h 
the desired element is separated first from oncj neighbor, then 
from another. 

It is to be observed that any fractionaf ion mc»f liod is waste!- 
ful of material. Whe^n it is considenal that the* (a’igimd ore 
contains only a small per cent of mixcsl ran* e^arths; that eif 
this mixture only a small per cent of a (temiain (‘kniauii is preMent; 
that in the purification of that el(‘rnent thouHimds <»f fractiona¬ 
tions are necessary; and that at each ship sonii! of tlie desinal 
material is lost —when these facts are corisidf*rr*(l, we eiiri 
understand why the chemistry of this group has devidoped 
slowly. Large quantities of <!xp(amiv(i maie*rials an* n‘<|uired 
and a tremendous investment of time arul labor is invoI?<‘cL 

As any method of fractionation continues it is esseritial to 
watch the composition of the fract ions in ordf‘r to know wfiiit 
effect the treatment is producing. This is done in scfveriil ways: 
(1) By change in color; this is only an approximate itieiliotl, 
but it is rapid and capable of surprisingly Kiitisfiicsiory use when 
a white salt is being freed from a colored impiirity. (2) Aiornie 
weight determinations are accurate and usually give a very 
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Table XX 
Cer ium Group 
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material may be obtained by the long-eontimu'd fra(!tionaiion 
of the double magnesium nitrate or the double animoniiiiri 
nitrate; other methods used effectively are: (1) tlu! double 
potassium carbonate, after the removal of cerium ; (2) saturate 
ice water with impure La 2 (S 04 ) 3 , then warm gradually 32®, 
when pure lanthanum sulfate crystallizes out. 

Praseodymium is diflScult to obtain in pure compounds both 
because of its scarcity and close rc8cml)lance to otlu^r elenuaits. 
The best methods of separation are as follows: (1) Bet out from 
a double magnesium nitrate series such fractions as contain 
only lanthanum and praseodymium; contimu; the fractiona¬ 
tion of the same salt or of double ammonium nitrate. Pniseo- 
dymium appears at the soluble end, Ijut usually neodymiuni 
appears there also, even if its presence is unHUHi«“ct(‘d at first. " 
(2) Remove from the magnesium double nitrat<‘ series the frac¬ 
tions which contain only praseodymium arul neodymiuin ami 
continue the fractionation as the manganese dfiuble nitrate, 
when praseodymium separates in the least soluble portions. 
Other methods used are: Crystallization of the oxalates from 
nitric acid; of the double ammonium nitrate or double carbonate. 

Neodymium, being one of the more abundant rare earth 
metals, is more easily obtained in pure compounds. The last 
impurity to be removed is usually praseodymium, which is 
separated by the methods already gi ven. The followi ng met.hoi Is 
are also valuable: Fractionation of the meta-nitrobenzoate, 
of the simple nitrates in strong nitric acid, or the fractional 
precipitation of the chloride by HCI gas. 
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An llir rryntulli/.iitiDii of tho raritiriiios tho f*li^itioiit« 

iimirig'i* f}ii*riiHi*lvi»j4 in tlii» ordor nhowri in I’lihlf* XXI, whifli 
I'lIiiffH till* Koliililr* "The* HUniiic* wnighfH iiiiil ftr<*« 

liciiiiiiiiifiiig rnlom nf tin* hiiIIh iiri‘ nlncf hIuwij. Agiiiii IIiiti* m 
H f^trikiiigly vhmv rnliif irmKhi|> Indwonn I In* nrciiT of 
iiiifi flio afoinir woiglit-H. Tho rioiimiblo i*xa*|}iioiin 

in till* vmv of yffriniit nml miinlimn liiivo UhI t..o thr* miggoKlioit 
flint tlioHr vhnmitH i^hoiild not Im» conmtlorrfi m tyukml iwi*nil«*r« 
of tlii* mro groiifi. 
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Tirhium in foiifiil in non* onrifi rtmioriiil in i*xcn*odiri||ly imiall 
;irririiiiit=n iirid ili^ jiiirifiniition in iiritt.Hiiiilly fliffinoli. For tin* 
vtimphu* w*|iiinition of torbium from ofiior olomontfi, novoriil 
HU*im iiro Aiter n long fnirtioiifiiioii of ii iiromiiti* 
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by using an ethyl sulfate^ series, fractional precipitation by sodium 
nitrite and especially fractional decomposition of the nitrate. 

Yttrium is one of the most abundant rare earth elements 
and its purification us easily accomplished. Yttrium fractions 
from a bromate s#ies are freed from dysprosium, holmium, and 
erbium by fractional precipitation with ammonia, K 2 Cr 04 , or 
NaNOa. The latter is probably the most effective. Yttrium salts 
give no absorption lines in the visible portion of the spectrum, 
consequently the removal of holmium and erbium is easily 
observed by the direct vision spectroscope. 

Erbium may be prepared from the erbium-yttrium fractions 
of a bromate series by methods similar to those used in puri¬ 
fying yttrium, except that erbium is concentrated in the less 
basic fractions. Fusion of the nitrates gives a rapid separa¬ 
tion of these two elements. 

Thulium in a fairly pure state may be obtained by the long- 
continued fractionation of a bromate series. The separation 
of erbium and thulium is fairly satisfactory by this method 
alone. According to Welsbach thulium is a mixture of three 
elements which he designated as thulium I, II, and III. Prob¬ 
ably no better thulium material has ever been obtained than 
that prepared by James ^ using the bromate method, which 
gave a homogeneous product after 15,000 operations. 

The difficulty experienced in the preparation of pure thulium 
illustrates the fact that separations are extremely difficult from 
the soluble end of a bromate series unless an element differs 
noticeably in basicity from its neighbors. 

Ytterbium (or neo-ytterbium) may be separated from lute¬ 
cium by the fractional crystallization of the ammonium double 
oxalates in concentrated ammonium oxalate; or by the frac¬ 
tional crystallization of the nitrates in nitric acids; or by the 
difference in the volatility of their chlorides. 

Celtium was isolated from the soluble end of a series from 
gadolinite by fractional crystallization of the nitrates in nitric 
acid. Its compounds have properties intermediate between 
those of scandium and lutecium. Its atomic weight has not 
been determined, but the atomic number 72 has been assigned 
to this element. The discovery of hafnium, a close relative of 

1 Z&it. anorg. Chem. 11 439 (1911). 

* J<mr. Am, Chem, Sac, 33 1338 (1911). 
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zirconium of atomic number 72, has raised a question concern¬ 
ing the existence of celtium. 

Lutecium (called by Welsbach cassiopeium) may be separated 
from the old ytterbium by the fractional crystallization of 
the nitrates, the double oxalates or the bromates, in each case 
the lutecium salts being more soluble. 

Scandium is usually present in rare earth minerals in small 
amounts (the rare mineral thortveitite containing 37 per cent 
SC 2 O 3 is an exception). It collects in the soluble end of the bro- 
mate fractionations, but it is easily separated from the other 
soluble salts by the fact that it is the least basic of the whole 
group. Consequently, fractional precipitation or fusion of 
the nitrates concentrates the scandium rapidly. Scandium 
may also be precipitated from boiling acid solution by sodium 
silicofluoride ; its double ammonium tartrate and double potas¬ 
sium sulfate are also difficultly soluble. 

Metallurgy. — The metals of most of the cerium group ele¬ 
ments have been prepared, three general methods having been 
used: ( 1 ) fusion of the anhydrous halides with sodium, potas¬ 
sium, calcium, or aluminium; ( 2 ) electrolysis of the fused chlo¬ 
rides or of a solution of the oxide in the molten fluoride; 
(3) heating the oxides with magnesium, calcium, or silicon. Re¬ 
duction with aluminium has also been tried, but it is not satis¬ 
factory except possibly for cerium itself. Electrolysis has been 
the most successful, the other methods usually giving at best 
an alloy. 

The yttrium group metals have never been prepared in pure 
form. Impure yttrium has been prepared by methods similar 
to those used in preparing the cerium group metals, and a mix¬ 
ture of yttrium group metals has been made by action of finely 
divided sodium upon the metallic oxides. The difficulties in the 
way of preparing the yttrium group metals are mainly two: The 
metals have much higher melting points than the cerium group 
metals; and ( 2 ) the chlorides are easily volatile. Reference 
to Table XXII will show that in the cerium group the melting 
points of the elements and the chlorides are of the same order 
of magnitude; while in the case of the yttrium group elements, 
the metals melt at a much higher temperature than the chlorides. 
Hence, any method involving the fused chlorides is difficult 
or impossiWe because of the freezing of the bath. 




Table XXII 

Properties of Rare Earth Metals 
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Lanthanum 

White 

810 

907 

6.1545 

74,100 

-0.18 

Cerium 

Gray 

623 

848 

7.0242 

56,100 


Praseodymium 

Yellow 

940 

818 

6.4754 

68,700 


Neodymium 

Slightly 

840 

785 

6.9563 

72,500 

33.5 


Yellow 






Samarium 

Pale 

1350 

686 

7.7-7.8 


6.5 


Gray 






Yttrium 


1250 

680 




Dysprosium 



680 



290 

Erbium 


i 1250(?) 





Ytterbium 


About 







1800 

880 





Electrolysis of the fused mixture of the rare earth chlorides 
is a process of considerable commercial importance producing 
what is called misch metal. (See Chapter X, pp. 170-172.) 

Properties. — Cerium group metals resemble each other 
closely both in physical and chemical properties. They are 
white or slightly yellowish in color, moderately stable in dry 
air, but tarnishing in moist air, lanthanum oxidizing most easily. 
Compared with some common elements they may be arranged 
in the order of increasing hardness as follows: lead, tin, cerium, 
lanthanum, zinc, neodymium, praseodymium, and samarium. 
Cerium may easily be cut with a knife while samarium has a 
hardness comparable with steel. They decompose water slowly 
in the cold, quite rapidly at the boiling temperature, hydrogen 
being evolved. At higher temperatures they show great affin¬ 
ity for oxygen. Their oxides have heats of formation compara¬ 
ble to those of alumina and magnesia. Hence, they are power¬ 
ful reducing agents. They dissolve in dilute acids easily and in 
general they unite directly with hydrogen, nitrogen, the halo¬ 
gens, sulfur, and phosphorus. They alloy readily with such 
metals as magnesium, zinc, aluminium, and iron. 

Uses. — Few uses have as yet been found for the rare earth 
metals or their compounds. A mixture of the metals contain- 
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ing roughly 50 per cent cerium is used under the name misch 
metal. (See p. 168.) Compounds of neodymium and praseo¬ 
dymium find a limited use in ceramics, where they are used to 
produce certain color effects. Neodymium phosphate pro¬ 
duces ^ an amethyst red color in porcelain, while the praseo¬ 
dymium salt produces a bright green, and various mixtures give 
many beautiful shades. The oxides of the same metals are 
used in the manufacture of blue optical glass. Neodymium 
tungstate produces a bluish red color in porcelain. A mixture 
of neodymium and praseodymium nitrates is used for stamp¬ 
ing the trade mark on incandescent gas mantles. (See p. 188.) 
The salicylate of these elements is sold under the trade name 

Dymalas a soothing antiseptic dressing for wounds. 

Compounds. — A surprisingly large number of compoimds of the rare 
earth elements has been prepared. This is probably due to the persistent 
effort to find combinations which would permit easier and more efficient 
separations than the cumbersome fractionations which have always been 
used. The most important compounds are enumerated in the following 
summary: — 

Oxides of the type R 2 O 3 are formed by all rare earth elements, by the 
ignition of the hydroxide, nitrate, sulfate, carbonate, or oxalate. In general 
the basicity decreases with increase of atomic weight, though yttrium and 
scandium are exceptions to the rule. The basicity of lanthanum ap¬ 
proaches that of the alkaline earths, while scandium is about as basic as 
aluminium. 

Cerium forms the oxide Ce 02 , which is more stable than Ce 208 ; the 
series of ceric salts are well defined and stable compounds. Both praseo¬ 
dymium and terbium give higher oxides but neither of these forms a 
series of salts. Terbium peroxide has a brownish black color and is the 
most highly colored compound of the group. 

The hydroxides are precipitated in a gelatinous mass by the action of 
the alkalies upon the hot solutions. If the alkaline solution is added to a 
rare earth in the cold, the precipitate is usually a basic salt or a mixture 
of the. hydroxide and basic salt. The hydroxides are not soluble in excess 
of reagent, but dissolve readily in acids and generally absorb carbon dioxide 
from the air. 

Sulfides R 2 S 3 may be formed by the reduction of the sulfates or by the 
action of H 2 S gas on the hot oxides. They are not formed in solution. 

Carbides RC 2 are prepared by reduction of the oxides by carbon in the 
electric furnace. When moistened, the carbides give a complex mixture 
of gases, of which acetylene, hydrogen, ethylene, and ethane are the most 
pronainent. 

Halogen compounds are soluble except the fluorides. The chlorides, 
1 Ber, deut. Keram. Gee. 1 , part. 1, 24 (1920). 
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the best known, are easily prepared by dissolving the hydroxides, ca 
bonates, oxides, or, in some cases, oxalates in HCL They form crysta 
of the formula RCI 3 • 6 H 2 O (an exception is praseodymium which givi 
PrCls • 7 H 2 O). Basic chlorides are obtained by heating the hydrates to 
temperature around 120 ® C., but if the heating is done cautiously in £ 
atmosphere of HCl, the anhydrous salts are obtained. The chlorides sho 
little tendency to form double salts with other metallic chlorides. 

Cyanides of the simple type are unknown. The addition of KCN* to 
rare earth solution precipitates the hydroxide. Double cyanides a 
sometimes used in separations of rare earth mixtures. For example, wh< 
K 4 Fe(CN )6 is added to a solution containing yttrium KYFe(CN )6 • 3 H 2 O 
precipitated as a gelatinous mass. 

Chlorates of the yttrium group only have been prepared, best by addii 
£ 2 ( 804)3 to Ba(C 103 ) 2 , when there is formed a hydrate of the formu 
£( 0103)3 • 8 H 2 O. The bromates are similar and are of great service in tl 
yttrium group separations. 

Sulfates are formed with varying amounts of water of crystallizatio 
For example 062 ( 804)3 forms hydrates with 12 , 9, 8 , 5, or 4 molecules 
water. The solubility of the sulfates decreases with rise of temperature • 
a fact utilized in fractionation and separation of rare earths from oth 
elements. 

Acid sulfates are formed by using an excess of acid and on heating the 
normal sulfates are formed. It is doubtful if all the excess acid can 
expelled without partial decomposition of the normal sulfates. Ba« 
salts of the type R2O3 * SO3 are formed by heating the normal sulfab 
These reactions are of much importance because many rare earth aton 
weights have been determined by the use of the sulfates. 

The double alkali sulfates are used in separating the yttrium and cerfi 
groups. The ethyl sulfates are very useful in certain separations, but th 
are rather difficult to form and they must be handled very carefully becar 
they decompose easily, even at room temperature. Sulfites, thiosulfat 
dithionates, selenites, and selenates of most of the metals have been pi 
pared. 

Nitrates of the cerium group, R(N 03)8 * 6 H 2 O, are crystalline but th< 
of the yttrium groups which contain 3 or 5 molecules of water, are r 
easily obtained in crystalline form. These salts are deliquescent, solul 
in both water and alcohol, but difficultly soluble in HNOg. The solubili 
in HNOa is greatest in lanthanum, diminishes to a minimum in gadolinii 
and then increases again. This fact is very useful for certain fractionatio: 

Basic nitrates, insoluble in water but decomposed by acids, are fom 
by heating the nitrates. This behavior is of great importance in 1 
separation of certain elements. 

Double nitrates of the cerium group are easily crystallized. Th 
stability decreases gradually with rise of atomic weight of the metd, a 
in the yttrium group crystalline double nitrates do not form. C< 
sequently, the use of the double nitrates in fractionation is limited to i 
cerium ^oup. 

Phosphates are precipitated as a gdiatinous mass when a solution of ph 
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phoric acid or alkaline phosphates is added to a solution of rare earth salts. 
The phosphates, especially the complex salts, are found frequently in nature. 
For example, monazite and xenotime are orthophosphates. 

Carbonates are formed by passing carbon dioxide into a suspension of 
earth hydroxides or by adding an alkaline carbonate to a neutral rare 
earth solution. 

Basic carbonates and double carbonates are formed by some of the 
rare earth metals. The stability and solubility of the latter class of com¬ 
pounds increases with increasing atomic weight of the rare earth metal. 
Both the sodium and ammonium double carbonates are less soluble than 
the corresponding potassium compounds. These salts are likewise useful 
in fractionations. 

Oxalates are of prime importance because of the fact that the rare earth 
oxalates are insoluble in acids. Hence, the addition of oxalic acid to a 
solution containing rare earth salts and free mineral acid furnishes a con¬ 
venient method of removing the common metals. The rare earth oxalates, 
however, absorb many salts from the mother liquor, and repeated precipita^ 
tion is necessary^ to remove the alkali and alkaline earth elements. Best 
results are obtained by bringing the solutions together at a boiling tem¬ 
perature and stirring vigorously as the solutions are mixed. A large 
number of precipitations will remove all but traces of the alkali metals, 
but one or two precipitations with ammonium sebacate will accomplish 
the same result more quickly. 

Double alkali oxalates are formed by the elements of the yttrium group. 

In addition to the compounds listed in the foregoing tabulation a very 
large number of salts of the rare earth elements have been prepared and 
more or less thoroughly studied with respect to their usefulness in the 
separation of the rare earths. Among these salts of minor interest may be 
enumerated the following: chromates, molybdates, tungstates, uranates, 
columbates, formates, acetates, tartrates, benzoates, succinates, hippurates, 
citrates, glycollates, cacodylates, and phthalates. 
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GROUP III —GALLIUM, INDIUM, THALLIUM 

The metals of the aluminium sub-group are permanent in 
the air at ordinary temperatures, but when heated in oxygen 
or the air they become coated with their oxide. The volatility 
of the metals increases with the atomic weights, and the heavier 
metals are more easily reduced than those of lower atomic 
weight. The metals are all malleable, fusible, have small 
atomic volumes and form hydroxides, M(OH) 3 , which are typi¬ 
cally amphoteric in the first three elements of the sub-group and 
basic only in the case of thallium. The last four members of 
the family form alums, and both aluminium and thallium form 
organo-metallic compounds, resembling zinc in this respect. 

The typical valence in this sub-group is three, but gallium 
forms a chloride, GaCL, while indium forms two sub-chlo¬ 
rides, InCb and InCl, and thalhum forms four chlorides, TICI 3 , 
TICI 2 , TI 2 CI 3 , and TlCl. Thallium forms a whole series of 
univalent salts which are more stable and better known than 
its trivalent series. The thallous compounds resemble the anal¬ 
ogous compounds of the alkali metals. 

The physical constants of the members of this sub-group 
are shown in Table XXIII. 

Table XXIII 


Properties of the Alurnmiurn Family 



Bobon 

AIiUMIKTIUM 

Gallium 

Indium 

Thallium 

Atomic Weight 

10.9 

27.0 

70.1 

114.8 

204.0 

Specific Gravity 

2.45 

2.7 

5.9 

7.4 

11.8 

Atomic Volume 

4.5 

10.0 

11.8 

15.5 

17.3 

Melting Point 

Above 2000® 

657° 

30® * 

176® 

285® 


Gaelium 

Historical. — Special interest attaches to the history of gallium because 
its existence, properties, and compounds were predicted by Mendeldeff. 


114 


GALLIUM 


115 


Within five years after he had made an extended list of the properties to 
be expected in eka-aluminium and its compounds, the element gallium was 
discovered. The prompt fulfillment of the prophecy did much to strengthen 
faith in Mendel^eff’s generalization. 

Lecoq de Boisbaudran, while examining some zinc blende from the 
Pyrenees in ^75, discovered two new lines in the violet of the spectrum. 
This led to the identification of the new element, for which the discoverer 
suggested the name gallium, after the old name for France. 

Occurrence. — Gallium has been found to be widely dis¬ 
tributed in nature but always in small amounts. The richest 
source known is a certain English iron ore which is said to con¬ 
tain 1 part in 33,000. Another one of the principal sources is 
the Bensberg sphalerite, which contains 0.016 gram per kilogram. 
It is present in zinc ore generally, in some pyrite deposits, 
and manganese ores and in many iron ores, especially mag¬ 
netite, but not siderite; it is said to be a constant constituent 
of bauxite ores and generally of kaolin. It has been detected 
in certain mineral waters of France, and its presence in the 
sun’s atmosphere has been shown. The principal source of 
gallium in the United States has been from the zinc deposits 
of Oklahoma.^ During the war the high price obtained for 
pure zinc encouraged the redistillation of the spelter. In this 
process a small residue was obtained representing 0.5 per cent 
of the spelter. The residue was largely lead from which a small 
amount of a gallium-indium alloy was separated by sweating. 
From this material much of our recent information on both 
gallium and indiiun was obtained. 

Extraction.^ — (a) To extract gallium from an ore, the ma¬ 
terial is ground to a fine powder, dissolved in aqua regia, and the 
excess acid expelled by heating. Cool, add zinc, and filteif off 
the precipitated metals, then boil for a long time with zinc, 
when a basic gallium salt is precipitated along with aluminium, 
iron, zinc, etc. 

(6) From a lead residue, gallium and indium may be extracted 
by dissolving the material in nitric acid, and evaporating to 
dryness. Add 1:1 sulfiuic acid to form lead sulfate; then 
filter and add NH4CI and NH4OH, which precipitates the 
hydroxides of gallium and indium. 

^Jonr. Jnd, and Ena. Chem. 8 225 (1916); Am, Jour. Sd. 41 351 (1916). 

* See Dennis and Bridgman, Jour. Am. Chem. Soc. 40 1531 (1918); Richards 
and othOTs, Jour. Am. Chem. Soc^ 41 131 and 133 (1919); Porter and Brown¬ 
ing, Jour. Am. Chem. Soc. 41 1491 (1919), 
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(r) FrcJiii zlm* flm* huth jiml tirk\* 

hi* ^ \n* tliHsolvin^ tln^ iii :iii r\r« - »i| i-mjii- 

iriCTriiil fid, aihiifin n lift!*^ lidfi. ntnl illinj.!, ^ 

cIiHtills c»vi‘r afiil pilliuiii may In* tip’ r<‘iii:iiipiig 

Purification. SiriPi* nn! Hf< 4 hv 1! ^ jii 

lic’icl it M*|»ar:it»a! fiMiii iip'r*'iirv^ 

fiiKi amaiir. If is fntin nii'li*-!, r-Mh^sli,, /iiir-, iii'iii- 

ailfi I liP alliliUlIf* PfirthN hv f!p^ f:if! f!i:A |! in |irr» ||i|t;iir«i 
hy ill lip* |irpM*rp’*‘ nf 1? in fr<'r'4 ir#4i. 

tltiiriiuirn tiial!ii’ PHiniPiiiiph-. iiraiyyiii. iii4piiiL iiii4 tip- rar** 
PurtliH liy flit* Hfiluliility *»f !iy4rM^i4*'- iii 4f, t '■lirttiiiinm 

I'IIkI may hf* riaip»v«-'fl hy iiiPiiii.^ #»f .lyjt iiI.h, 

Cialliiirii fruiii iihiminiiitsi, rfir**iiiPiin, ami l«^rvl- 

liittii by Ihf nf I'ti n rfiniiiifufig 

iiiUfli IfC*!^ whim ttiMf'I'Vi'C''Xj|li Fiaifii f}|i’ 

fprrooyiiiiicif* flit* giillimu tmsy tn* rr^ruvrtn-j liy il.i 
in iilkiili iiii4 hiihliljiig in i%4p*n n hmk* i^yallinin rurf-wifint#* 
prfa4|iilii.tri«; nr, f2| if h* nh^iiif, tip* frrf«iryiiiipF iiiiiy Im 
o^ciclinaci in fnrriryuniiip by in nlfejiliiit* fa4i|iif»ti, 

MIIiCl iind KlliClII inlilrfh Tip? firrrijiitiiti'4 fh'iAillii |.ji 
frcfp frrim cyani«|pHA 

Ttif m*inmitU'm «*f mm niitl inlliinii limy iirrtiiiijili#||:rf| liy 
prodpitiifiiia fiiililirt's ivitli Xll|f ilf in itip |irp»*iirt^ nf Kli#f 1, 
blit lilt* pcpiiitiipiiin prrpijiiifiit^’ hinlly l«i t|ip m*h tif iIip 

clwh, filtpn* nhmly jiiid fp^rlnilr-ii mm AriHlIp^r tiirili«*i 

of m^pumlim iiillitnn nrnl tim m tu }ir»Tijiifiilt- ilip luitrr ii’iifi 
piiriiiiliiiti fiirrriirif* ibiia^yriiniip, |irrri|i$iiit.p f}|i^ r%r*>m 
mwmity with US nml th* iiilliiiiii with in ili«^ 

of IICL (iallimn inny Ip* frntn ii nwiiill liripiiinf of 
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iiKiiiirn nhitnM, lh«' Knllium sppanitinE at, the inHoIiiblc! end. It 
in !il«ci that KaUhuH ntul in<lium met,ala may bo sepa¬ 

rated by prulrmjjed beufirnj at IHtKr. (lullium, indium, and 
zineinay tn' Meparaled i»y fractionid diaf,illation of their chlorides. 

( JaCb boils at 2lo 221)'’, but it may be sublimed in a vacuum 
nt a tenijMTatwe ns low jis (5r» SO"; Int'b be}j;inH to volatilize 
at ■l ift'’ and tlistiils rather slowly nt fiOO®; ZnCdj boils at 730°. 

Metallurgy. f,«>e(K| ch* Hoisbaudran ((xhibited, at the Paris 
KxfHJsition in IH7H, (52 graniH of m(‘talli(! gallium which he had 
prepared frotii 2ltK> kilograms of zinc hlende. His method of 
prejairatioii was tlie electrolysis of an alkaliru' solution of a gal- 
iitiin salt, 'riiis i.s still the Irest known method of producing 
the element, Honietimes the metal collects on the platinum 
eleetrmle in the licjiiid state an<l sometimes in the solid, as a 
tree.' Conlaet with the sftlid {>has(» does not always start the 
growth of the tree, but cortling the faith with ice causes the tree 
to form. trei*s formral on the cathode are hard and stable 

so long as t hey ant kept at least Itr ladow the melting point. 

Properties. -- Metallic galHinn is gray or white, but shows a 
bluish tint on its bright surface. It is a brilliant, diamagnetic 
metal with a striking metallic luster, forming a splendid reflec¬ 
tor, which, however, tarnishes quickly. It is tough, but soft 
enough to bi cut with a knife. Its melting point as determined 
by Riehanls is 3tf .8, which is somewhat higher than previous 
determinations. The latent heat of fusion is 19,03 calories 
jier gram of metal. Molten gallium resembles mercury in 
appearance, and the raetal has the ability of njmaining liquid 
even though it is undereooled as rninsh as 30°, Gallium ex¬ 
pands on solidifying. It has Issin suggested that this prop¬ 
erty is due to the presencse of impuritieg, hut the most careful 
work * of riirhanls shows that the solid has a specific gravity 
of fl.fHM and the liquid of 6.095. The liquid is electro-negative 
to the solid. Liquid gallium has a cts'fficicnt of compressi¬ 
bility at 30° of 3.97 X 10“*, while the solid has a value of 2.09 X 
If)'*. The ignnprowliWIity of the liquid is almost identical 
with that of mercury, while the element conforms to the almost 
universal experience Ujat the compresoibility of a solid is less 
than that of its liquid. 

• em Am. Jmr. Sol. 43 (IV), S80 (1916). 

»/sw. Am. Ckm. Soc. 4* 274 (1921). ,, 
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(iniliurii liiiH fifily ii|wiii ini|«i r, h\i^ a? f!i«‘ 

In^iliiig ti*fii|W‘nittiri» Ih** in vijjMruii } It rMiaiifi' 

iifi«‘hniw»d in tht» nir at Mfiiiiiary iajt laaiii-tf 

if Mi|w*rliria!!y. nUhnnuh it ii*?f hiiifi frrl iii'-i?, 

!!■ fiiKHnlvi'H in dilntf* IfC1 an*! in XiiHfl, 

In !IC*l till* Hilitl iniM iiasif* «|iiifdn*/ ^iiaii tip* 

liqtiirl. C Vilil liiliitn iii!ri«* aritl liifl** it, l*iif wlaai 

wii.riiifil fhn ai’iil f}i«* iiitini a 

Hiilrnnt, udiilfMiiniiniriia it |u%!\ If finifi'ii 

riifnilly wiih rli!nriii*a innr** ^ImwIv %vii{i hrmiutw, Ifiii ivill irat 
uniti* with indiip* nnlil if h**:ii.rt|. 

It lillnyH ri*ai!ilv tvitli nlMininiiiiii. and t}!**'**^** !ill*'»vf4 tm* if* 
(Ini'niii|«if4i» nilii nanlily. lln* nrli m |,tailniiii arr 

liqiiifL It n^iiilily nlm$ intliiiiii. 

Uses. Ckilltiini hnM iii» mmitw'tn'mt at prrf^*mt.. It, 
Iiii« Iw^nii Hnjnc«*HfiaI thiif tin* Mnllpiiii-iiliiiiiiiiiniii allny mamlil 
fctriii nil ratliiMl** m a ifi«»ta! Vfiftnr larri|i;^* It might 

iili^fi !:in iigiftil in mnnnfni^tmhm iiiirri*r'»f. fis m 

lii|c!i f!i<»rin*ini«*t<^r^ $?«* imt f lir liqind 

wnin iMitJi gliia*# iirpl 

JVnliiihly thr itnmi ^4 i^allniin m iri 

pniiiin-ntirifi with lln* iif ii !«■* lniii|i. 

A giilliiiin-niiiiiiiniii nllitiy riititiniiiii^^ 'J :i im-f rriii i*iilliiiiii m 
fiwtilNi Ilf CMMII mm, ili«* liiitni.. Hiia-r al 

IICI Tallin iiri* mill a purr ml tmlii uf ii-iiyr li'iinlfi 

k tM%9 m prmhiml Tlir Imiifift ii«aa| jirrliiailim^ at f|ir 
Till? fumHkm nf ihr tulliiitn t«i t«i tln^ rmh 

iiiiiirii, ill riril«*r in prrvrnt injury fii ili*-’ liitiiji w}|i‘ii llif- m*h 
itiiiiiii miktiiwm. 

Cftfflp0Wj»di. ■■ ■ *nm *4 gtillpiiti rr'#rf|#4l.|«* 

tfiiifr ulllifiiiili tlinr m mmm4r$%hh^ »^%uirut*v »4 i, i 

liftAirlyv. 

Til#? pillliiin, w ifiniitii il*# 

tiilritlr. It m infiiiililit m tr4 hIiipmi ui l#»f |4 k' 44 i 

iiiiil dkttitm nflrr ii Iwi# t$mm mrmgh fi $»tm <il 

hytinmm In m mipptm^i m f« ilif« iwrf^l %%Um 

tl#!^ nxitlr »if m *4 rlipniniim^ ji #iij 

iifplf'f llir mBmm» #4 tlir «ait|<#iifc* 

f*n»»iiit#Wy iSaflillli, m pm^ii*4%h'4 kfi % 

» J'w.. It <l%"n fiiniia 

JPm. fi»Sfi| I Im' 
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rrifi.w }iy iirrirntifiin. It in w»ltihln in the fixed alkalicfl and 

iiiilv in firnmoriia, 

I1i«‘ tiiimir, w |)repiir<?d by di«^)lving Ga/)i in IINO?. It 

h find i.H fn«i|ilid4‘ty clft‘f»inpni4tai at giving the oxide. 

Hit* r/ilwridra, C hi<% imd are fornnal, The latter is |)repared by 

lieatirig tlie metal in hyf!n»gen ehlorlde or ehlorirn^. It is crystelline, 
and yi^^liis a elear selution with a small cjuantity of water, 
I lilt ti tiiffiriiltly -?«i|iililft biiste salt with a larg(»r amount of water. The 
m frtrined by the aetion of the metal on the trichloride. 

(hdliiiiii hmm i\m l.irtnnitle ami iodide GaXa hy direct combination of 
the rleiiiriifs. 

The Muihir, Cbiib^Di'h, is ittduble, is not ch‘liqueseent, and crystallizes 
mith nmmimimn, fsUiisxfuin, rubidium, eaesiiim, and thallium (Tl') to form 
iiiiitiiH. The f'lirHiiini iilutfi is used for the se|)anition of gallium and indium 
by frartitiiiiil rrystalliziitiim ns well as for miero-ehemical analysis# 

Hio/rrmrynio'ile, (»a.dFefC'!N)i}a, is precipitated hy adding KiFefCN)® 
to n giilliiirii solntitin cimtiiiriing oni^ third its volume of concentrated IICL 
'fills m acliiiraeferistir rciuUion, iimdul in the separation of gallium and cap¬ 
able of as lit tie ns OiKXH gram of the element. 

Deltciloa and Bsllfiiatloa, Gallium is ls?st detected spectroscopically/ 
tlis' «|irirk »i|ierlriim showing two Iirlght lirwts in the violet, at X 4171 and 
X'li'llb fly lliis method CbUfid milhgram of gallium may l>e detected in the 
|ifeM*rirf! Ilf I ifl iiiilligraifis of indium. The following are qualitative tasts:— 
h pure giilliiifii suit is not pfi*eipttab!il hy 1GB, but in a faintly acid or 
iiiliitiofi contaiiting silver, zinc, manganesi.!, or ariwmioufl 
GriiBi m f’fiiii|ili*tely preeipiluted along witli the other sulfide. Boiling 
li iiriilriil or slightly ncId solution of a gallium salt with NallBOi or 
pfmh%m% a pfecipitate, hut indium must l>o absent and zinc 
|irr«f^rit in tioi Um large ii |'iro|sirtbii.* 

GiifClllli Is immpitMtml hy NIGOII, (NH 4 )sGOi, or the earlmnatei of 
tlic filkiili or ftlhalifio earth metaK^rhytmiting with an exeesi of preoipb 
f‘ii|irir liydrtsxidii. The prcatlpitate m solulde in the fixed alkalies. 

A delintlif Umi for gidliiirti Is the pri»iipitotion of Oa 4 (Fe(CN)i)» by add- 
irii K|Fi*CC:Nli to » gallitim iolutloit eontiyningSS p^r cent by volume 

of rfflirrnlriiti^i IfCI, 

11ie r|fi»iililfiti¥i! eatinsalioft of gallium m Uiually aecompliihed by 
the liyilroxide from a pure solution with a slight excess 
Ilf mmmmm, l-sitiiitg to expel the exci« precipitant and finally igniting 
flic liyilroxififf to Clairfli. Preclpitatoi olitairiiMl hy adding NallSOi or 
NllillMGi tnmy dm$ tm igriited to Q^h* 

tmwm 

Hlflwrliad. « Iii IS^, Itotch md Eichter wer® ixaminlng some zinc 
•iiififte !m$m Wmdmm* oti^irved two now hint Ilnei in th© spark 

» For lli« tw of pllium wt Ulikr anil Taiieh, Aitoph^ /. US 291 

{litib 

* Fofirr ««fl Bmmuimt /oar. Am, €hm%* Mm, 41 Mil <l0li). 
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H|MH‘fruiii. .hi i^'I iii h'I* if si si^ w 

Iiii^tnllii’ rlr>iiP‘iil, inr uJiirh t|p-y iIp- untur hI m 4 imu, ji.«! 

iiidigti bliii*. 

Occurrence. Iiifiiiiiii, *itw fif tbi^ *4 fmiiiii 

in minute !Uiii»mi!> in n l:uK'' ntmilH*r of nuneial-.. 'i h>- 
nr'Ver exei’e*!,** j’(j nf I jw r ei*nl, It i-* |tr« ui itnw! 
zine liieucleM aii'l tin iuch. in !“<iijie u'»ii fin:.. ■ i.jK-rj-dlv fud'-rit*- 
(tliHtinel fnmi jjjtltimni : in Htin'- mniu'ain h-. !> a4. atiii fnnK- 
!<teii uieM; it huf* Iweii »iel<*fli-i| m ile* ainee !*)e !<■ “i tin* 
mm. The iirineiitnl m»ui<e ix fine «lnHi (0.111 tie /me mneilerji, 
nr zinc frniii imlium-lH iirinK Men.le, 

Extraction. In.iitun lu.av !«• «*\tr;tel.«! fr.iin /ine l»y «iis» 
Kdvifitt the meial in :i <]ti!miity *.( m ill jn^t iiiMirtiru nt I*. Kive 
cninplefe m.hiti.in, I'jhiH the rem.lue nf nii«!i^milve4 ziiir there 
erilleet^i im •.taiiflinK si HjmJiBy ma.«>s, whieh i« len.l, 

W)|>i>er, enilmiimi. tin. sirm nie, imn. sm«l jn<hnm. Thi« ia 

colleeted, H'.'i.fh«"<l. liiKmilveil in lINtts, sitid with 

'I'he lend fiilhite liltereil i.jft. nml the hytlfMii«ie» «♦( 
iron awl iwliuiit preeij.it.'tle.l hy nti esrew nf KIl«ttll. 1 hriM* 
an* dimmlvinl in si miwII sintount »•( IH I s»nd the milntmn, whieh 
ahoitld U' nesirlv iii titrsil. w Imileil with sm • yre^ i,f Nnlh'H'tlj, 
when siidium jireeipitntej! jw the hjwie inilliti* tif lie* 
ItisfHth)*' ln 5 tt>ll)i ■ HjO. ‘I'hw nwy Im diw*»tv<d tn 
nnd the iwiiuin preeijiilated hy siddilimi «4 

Indium nnd iron tniiy »!t«» lie wiKirsiteil hy .••ildiiiK potnwitint 
atdfneynnidi* to the mixed rldoride« in m id wihUion iitid extrm t- 
in({ She ferrie wlfoeyaiiide withetln-r. Indium may Im wtwf»t**d 
from fmth Ahtminiiim «nd iron hy mldiiitf nn slmholie iiyridine 
Bohltion to the ehloriihn, when lirt'h* Ut*|II»N i** |ifern*it!»t«'4. 
Metallurgy. * Melnllk inilntm may k* pre|«ir«a| m » mjml« r 
tif mnyn: (1| healing the oxide with hy*lrog«nj <21 heating 
the oxide witli waihiin pnahtw# firpt a lirittle alloy from whieh 
the walium in removetl hy water anri fnioal <3t hy 

adding zinc to a nolulion of indium comtertiitdf«; ( l)e!ertr«4. 
yaiaof the chhirideor aulfttti'aoliltioti in the jirw-tiee of jo ridine, 
hydroxylitmine, or formie aeirl, a branelwaj le ilig formid. 
'I’he fraetional electrolyai* of the wulfate Kolulioii w the Iw’wt 
meana of ohtaininii pin*! indium.’ Hie ffnimv imtnl may 
be drieil at 1211* and ftMcd in M atm»w*f»b«<ri* o( hydri^en. 

* dm^ ^ ^ 11 Wf b 
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I^roperties. — Indium is a white metal, softer than lead, easily 
^^^lleable, ductile, crystalline, and diamagnetic. Its coefficient of 
^-^pansion is 0.0000459, its specific heat 0.057, its compressibility 
25® 0.0000027, which is about two-thirds that of mercury. 

It does not decompose water, even at the boiling temperature, 
low temperatures it is stable in the air, but when heated it 
I > Urns with a blue flame, producing In 203 . The heat of com- 
I>Ustion is 1044.6 calories per gram of metal. It unites directly 
the halogens and with suKur. It dissolves in mineral 
ucids, but not in KOH solution. In the electromotive series 
ib falls between iron and lead. It forms alloys with lead, thal¬ 
lium, tin, gold, platinum, gallium, mercury, and sodium. 


Compounds. — Indium forms compoimds similar to those of gallium, but 
tr^ore basic and in some ways suggestive of the compounds of iron. The 
c^biaracteristic valence is 3, but well-defined bivalent and univalent com- 
I >ounds are formed. 

TVith oxygen, indium forms three compounds, InO, In208, and In 304 . 

In 203 is formed when indium burns or its hydroxide, carbonate, nitrate, 
oir sulfate is heated. It is a light yellow powder, easily soluble in acids 
taintless iib has been heated to a high temperature, after which it is almost 
I Insoluble. It is more infusible than AI 2 O 8 . InO, the sub-oxide, is formed 
l>y the careful heating of 1020$ with hydrogen at 300°. It is a black 
I pyrophoric powder slowly soluble in acids. In804, isomorphous with Fe804, 
im formed by heating In 203 above 850°. 

In (OH) 8 is precipitated by adding the fixed alkalies to an indium salt. 
I h is insoluble in excess of the precipitant. It has only the slightest acidic 
f'pxroperties, only one indate being described, namely, the magnesium salt 
€>F the formula^ Mgln 204 • 3H 2 O. It is obtained when the chlorides of 
iiaagnesium and indium are mixed and boiled. 

A nitrate, In(N08)8 • 4^ H 2 O, is formed when the metal is dissolved in 
Kki-tric acid. It crystallizes from nitric acid readily, but not easily from a 
iiLOiitral solution. It forms a double ammonium indium nitrate. If the 
solution of the simple nitrate is heated, a difficultly soluble basic salt is 
■formed. 

Flalogen compoimds, InX, InX 2 , S'Ud InXa, are all known except the 
«iiono- and di-fluorides; the oxy-chloride and -bromide, InOX, are also 
^oatsily made. 

InGla is prepared by the action of an excess of chlorine on the metal, 
lower chlorides, or a heated mixture of In 208 and carbon. It is a white, 
<ioIiquLescent solid, easily soluble in water, in which it is slightly hydrolyzed. 

forms double chlorides wdth the alkali chlorides. The solid vaporizes 

600®. 

I 11 CI 2 is formed by heating the metal in dry hydrogen chloride. Water 
I WLmz, JBer. 34 2763 (1901). 
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decomposes it, forming InCL and In. InCl is formed by heating a mixture 
of InCL and In. It is a dark red compound, which is decomposed by water, 
giving InCl 3 and In. 

Sulfur forms three binary compounds with indium, In 2 S, InS, and 
In 2 S 3 . The l atter is prepared by direct union of the elements, by heating 
In 208 with sulfur or H 2 S; or by passing H 2 S into the weakly acid solution 
of an indium salt. The precipitated form is yellow, and the salt formed 
by dry methods varies from yellow to brown. It is soluble in mineral 
acids, readily forms colloidal solutions, and gives complex salts with the 
alkali sulfides, such as K2ln2S4. 

In 2 ( 804)3 is a white solid, very hygroscopic and very readily soluble in 
water. The simple sulfate forms a hydrate with difficulty, but the am¬ 
monium, rubidium, and caesium alums crystallize readily; double sulfates 
resembling the alums but of the composition M 2 SO 4 ♦ In 2 (S 04 ) 3 '8 H 2 O have 
also been prepared with sodium, potassium, ammonium, and thallium. 

Detection and Estimation. — Indium salts produce a blue-violet color 
in the flame,^ in which two brilliant blue lines are visible, X 4511.5 and 
X 4102. Very small amounts of indium may be detected by microchemical 
methods, using rubidium indium chloride. Other reactions are: — 

Precipitation of yellow In 2 S 3 by H 2 S from neutral or faintly acid solu¬ 
tions. 

Precipitation of In (OH) 3 by alkalies or BaCOs. 

Precipitation of In(CN )3 by KCN, soluble in excess, but hydrolyzed on 
standing or boiling, precipitating In (OH) 3. 

For the estimation of indium, it may be precipitated by ammonia, the 
excess removed by boiling, and the precipitate dried and ignited to In 203 . 

Thallium 

Historical. — In March, 1861, Crookes was examining some selenium 
residues from a sulfuric acid factory in the Hartz Mountains. He expected 
to find tellurium, but being unsuccessful with chemical means, he tried the 
spectroscope, the use of which had in the year previous resulted in the 
discovery of rubidium and caesium. He found a single bright green lijge, 
which he later proved to be evidence of the presence of a new element 
for which he suggested the name thallium, meaning a green twig. He was 
unfortunate in having only a small amount of material to work with, so 
he did not succeed at first in correctly establishing the relationship of the 
element. But by May, 1862, he had collected a few grains of the metal in 
powder form. 

Over a year after Crookes’ original discovery Lamy, in France, made a 
similar investigation of the lead chamber deposits of a sulfuric acid plant 
which used a Belgian pyrite. He foimd thallium in considerable quantities, 
and by May, 1862, he had a considerable amount of the metal in lump form. 
He studied the physical and chemical properties of the element and many 
of its compounds. 

1 For the arc spectrum of indium, see XJhler and Tauch, Askojphya. J. 66 
291 (1922). 
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111 *’ nl Iff tilt* oih(*r c»l<*rrKmtH prmmted many 

p'n//i;iir *»ii arrHiiiii nf lU viirtffi nnsimiblaruai to lead, silvor, 

Hbiiriiiiiiiiii, and uwrmry, Hn pnradoxiad did the cdemcmt 
ii|ipr;ir I"* sliat rimmm #*hunM‘ten?:i*d it im tli«‘ ornithfjrhynchus of the 
I bit wlirii fmhii.^hed liiM talih% he arp;iied (‘onvincingly 

lliat fhtilliiifii 'diMnld lw» plared in CJrtHip HI tinder indium and between 
ffii'ff'nr*" and It ahvaya mnatried in IIiLm pcwitictn. 

lliailepii iai til ai'finitiin H and thnrinm D, and it* may hmr a 

ridatiMfi'diip ili*^ rndmarijvi* eleinenta aernewhat similar to that shown 
iiv It^iid. S^ddr ^ that tfniliinm was one of the two end products 

fif fli«»rpiiii -Hiriee the fhoritim mtmtnils often eontained too 

!♦* b* lb** ihtHtry that lead wits the only final product. 

*4 I hf»wetfer, shows ^ that it eontairm less than 0.005 

prr mil mI sliiillnini, riii$«er|urnt1v HtMhly lets withdrawn the suggestion. 

Occiirrtricib - ■ Hialliiiiti in fcHirni in eonBiderabla amounts 
in fit ieiist four run* minerals: erookmte, (('iiTlAglgHe, contains 
Hi III }w-r f*enl ttifilliiiin, found in a cmppcr mine in Sweden; 
lfiriin«iiti'% rciritiiiuH fifl- CMI fmr cc*nt thallium, found in 

contains 29'*30 per cent 
tliJillitiiii, foiiiid ill Atncedoniii; htiichinsonite, (Tl, Ag, Cu) 28 * 
AhiHi -f‘- lltH* contiiins lH-- 2 rt {'«^r cent thallium. 

Ill nihlitioii In thr*se ilmfinctivtdy thallium minerals, this 
cleiiieiii k Inmti in sirifill c|tiantttieH in a wide range of rock 
iificl mi lie rills I i^liiiwdrig flic variety of its chemical relatives. 
Ammm tfieno niiiy la* tiiiailicmed lepidolite, sylvine, carnallite, 
sfihiilr^ritfs pyrilis tiiiematite, nmrcatite, braunite, her- 
m4mmk% iiiitl rlialerifiyrile. It hits also Imm found in mineral 
iwidim umi riillier wiilidy ilislribuhttl among plants. Because 
of itn ta*rlirroricc in sn rniiny tnineriils it is sometimes found in 
roifiiiif^rcim! {inaliirts. such as mm, ciidmiiim, platinum^, bis- 
iiiiitfo tejliiriiiiiSt sulfuric acid, and even hydrochloric acid. 
TIp^ most ferlilo sntirccs mm the flue dusts of iron furnaces and 
iirid piarils using Ihftlliferous ores. Some flue dusts 
riiiitiiiTi lii^ iiiiicfi IIS K cent lhalliiiin, but usually the amount 
in hm f tillII ll/iA fS'T tPiil. 

litncioa. “ Crmto' method of e%tracting thallium from 
to grind the ora to a fine powder, dissolve it in 
iii|tiii rciiii, itclfl siilfiiric acid, and eviifKirate to exfMd excess 
iicifi. Ililiifc lit Ifirgt! volume, neiitriill» with NatCOs, and 
add ICrN to prrei|jilftlii lead and bismuth. Filter imd add 

» Cotter, Natur 0 , 10# 423 (1919). 


» ft 314 (tmf. 
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H 2 S to precipitate Tl, Cd, and Hg. Dissolve the TI2S3 in very 
dilute H2SO4, in which the sulfides of cadmium and mercury are 
insoluble. 

In flue dusts, thallium is usually present as oxide or sulfate, 
both of which are soluble in water. The dust is thoroughly 
extracted with water, the solution concentrated, and TlCl pre¬ 
cipitated by adding HCl. The extraction is sometimes made 
with water, slightly acidified with H2SO4. 

The precipitation may be made with zinc, producing metal¬ 
lic thallium, or as sulfide or iodide. 

To purify the crude thallium material it is transformed into 
the sulfate and its dilute solution is acidified; then H 2 S is 
added to precipitate mercury, copper, silver, arsenic, anti¬ 
mony, and bismuth. Ammonia is added to remove iron and 
aluminium. The purified thaUous sulfate is then evaporated 
to crystallization. 

Metallurgy. — Thallium is very easily prepared from its 
compounds in several ways: (1) fusion of the thallous chloride 
or iodide with Na 2 C 03 and KCN; (2) electrolysis of the car¬ 
bonate or sulfate; (3) addition of zinc to a thallous solution; 
(4) heating thallous oxalate in a covered crucible. 

Properties. — Thallium is a white metal with blue tint, and 
when freshly cut it has a brilliant metallic luster. It is so soft 
that it may easily be marked with the thumb nail and leaves a 
black streak on paper. It is malleable but has little tenacity, 
and when an attempt is made to cut it with a file or saw it 
stops up the teeth of the tool. It has a crystalline structure 
and emits a sound similar to the tin cry. It exists in two modi¬ 
fications, the transition temperature being 226®. It melts 
at 303®, commences to volatilize at 174®, boils under atmos¬ 
pheric pressure at 1515®, and may be distilled in a stream of 
hydrogen. The coefficient, of expansion is 0.000031 and the 
coefficient of compressibility is 2.33 X 10”® per atmosphere. 
The latent heat of fusion is 7.2 calories per gram, the mean spe¬ 
cific heat is about 0.03. The electrical conductivity ^ in recip¬ 
rocal ohms per cubic centimeter at 20® is 5.28 and the magnetic 
susceptibility is—29 X 10“®C.g.s. units per unit volume. In 
the electromotive series thallium comes between iron and cobalt. 

1 For the potential of thalliTO eleotrodes, see Froo, Am. Acad, Art$ and Bd. 

199 (1921) 
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Thallium oxidizes slowly and superficially in the air at or¬ 
dinary temperatures, but above 100° the reaction becomes 
more rapid, forming thallous oxide at the lower temperatures 
and thallic oxide at red heat. Thallium does not react with 
oxygen-free water at ordinary temperatures, so one of the best 
methods of preserving the metal is under water which has been 
deprived of its air. At red heat thallium decomposes water. 
It combines directly with the halogens, sulfur, selenium, tel¬ 
lurium, phosphorus, arsenic, and antimony, but it does not unite 
with hydrogen, carbon, silicon, or boron. It dissolves slowly 
in HCl, more rapidly in H2SO4, and readily in HNO3, liberating 
hydrogen in each case except HNO3 and concentrated H2SO4. 

Thalhum alloys readily with many metals, especially sodium, 
potassium, mercury, magnesium, calcium, gold, silver, cadmium, 
copper, and zinc. 

Uses. — Thallium compounds possess unusually high re¬ 
fracting power, so they are used in the manufacture of certain 
kinds of optical glass in which a high refractive index is desired. 

A liquid amalgam containing 8.5 per cent of thallium is used 
in thermometers for temperatures as low. as — 60°. Thallous 
chloride is one of the few lower chlorides which is more stable 
than the compound of the higher state of oxidation. So it is 
used as a getter in tungsten lamps to prolong the life of 
the filament.^ 

Alloys of lead and thallium ^ are distinctive in that they have 
higher melting points than either component. The amount of 
thallium varies from 3 to 65 per cent. The alloy containing 
10% thallium, 20% tin, and 70% lead is resistant to the 
corrosive action of mixtures of sulfuric, nitric, and hydrochloric 
acids. This alloy is especially recommended for use as anode 
for the electrolytic deposition of copper, in which its corrosion 
is less than one-fifth that of lead alone. 

Thallous chloride is changed ^ by sunlight from white through 
various shades to brownish black; the change is hindered by 
mineral acids and hastened by ammonia, ethylamine, glycerol, 
toluene, etc. Thallous iodide changes from yeUow to green in 
the sunlight. These changes may become useful in photography. 

^ Chem. and Met. 23 471 (1920); ^Industrie Elect. 29 472 (1920). 

® Fink and Eldridge, Trans. Am. Electrochem. Soc. 40 51 (1921) ; also U. S. 
Pat. 1, 384, 056, July 12, 1921. 

^ Carl Renz, BelveHca Chem. Acta 2 704 (1919) and 4 950 (1921). 
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Mixtures of thallous nitrate with silver, mercurous, and mer¬ 
curic nitrates have low melting points and densities ranging from 
4.8 to 5.3. Such mixtures are useful for separating minerals 
of different densities. 

The Thalofide cell ^ is more sensitive to light, especially 
that of low intensity and long wave lengths than the selenium 
cell. Its electric resistance drops 50 per cent on exposure to a 
quarter foot candle. The sensitive material contains thallium, 
oxygen, and sulfur and is essentially an oxysulfide of thallium. 

Compounds. — The compounds of thallium form two distinct 
classes: (a) thallous with a valence of 1 , resembling the analo¬ 
gous compounds of the alkali metals in the soluble compounds, 
and those of lead in the more difficultly soluble ones; (b) thal- 
lic with valence of 3, resembling the compounds of iron 
and aluminium. The former may be vaporized without de¬ 
composition and are highly ionized in solution. The thallic 
compounds are considerably hydrolyzed and are stable only 
in the presence of an excess of acid. Thallous compounds 
are oxidized almost completely to thallic by such oxidizing 
agents as permanganate, chlorine, or bromine. The reduction 
of thallic to thallous is easily accomplished by SnCl 2 , H 2 SO 3 , or 
metallic thallium. The addition of (NH 4 ) 2 S to a thallic salt 
precipitates thallous sulfide and sulfur; while KI precipitates 
Til and I. The contrasting character of the thallous and 
thallic salts is shown by the fact that they readily form complex 
salts with each other, such as TICI 3 * 3 TlCl. A thallous-thallic 
alum, T1 T 1 (S 04)2 * 12 H 2 O, is described, but the existence of such 
molecules is open to question because of the difficulty of obtain¬ 
ing a definite crystalline form. It seems certain, however, 
that both the thallous and thallic conditions are present in 
solution. 

Thallium compounds are cumulative poisons, resembling lead. 

Thallous Salts. — The oxide, TLO, is a heavy black powder, which is 
formed when the metal is oxidized at low temperatures, or when Tl(OH) is 
heated at 100®. It absorbs water readily, producing the hydroxide, and at 
300° it melts to a liquid which attacks glass rapidly. It is easily reduced 
or oxidized. 

The hydroxide, Tl(OH), forms yellow crystalline needles, and may be 
formed by dissolving thallous oxide in water or by adding baiyta to thallous 

1 Case, Fhys. Be®. (2) 15 289 (1920) and U. S. Pats, 1301 227 (1919) and 1316 
350 (1919) 
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acids, but after drying it dissolves slowly. It is a brown, amorphous sub¬ 
stance, resembling Fe(OH )3 in appearance, and extremely insoluble in water, 
having a solubility product at 25° of 

The chloride, TICI 3 * H 2 O, is made by passing chlorine into water in which 
TlCl is suspended, and allowing the saturated solution to stand. A tetra- 
hydrate is also formed, from which the anhydrous salt is prepared by 
dehydrating at ordinary temperatures. With a small amount of water 
thallic chloride forms a clear solution, but on dilution the salt suffers 
hydrolysis. 

The bromide and iodide are similar to the chloride but still less stable. 
The iodide behaves as though it were a mixture of thallic iodide Tils and 
thallous periodide TII • I 2 analogous to KI • I 2 . It has been suggested that 
it is a tautomeric compound,^ sometimes thallous and at other times 
thallic in behavior. It readily forms double salts. 

The nitrate, T 1 (N 03 ) 3 , is prepared by dissolving TI 2 O 3 in nitric acid. 
It forms deliquescent crystals, T1(N08)8*3 H 2 O, is easily hydrolyzed and 
decomposed, and forms double nitrates. 

■ The sulfide, TI 2 S 3 , is made by direct union of the elements. Attempt 
to prepare it by precipitation give TI 2 S and S. It is a black solid, brittle 
below 12°, soft and plastic at higher temperatures. 

The sulfate, Tl 2 (S 04 ) 3 , is easily hydrolyzed by water, producing a basic 
salt. It forms double compounds very similar to the alums, such as 
(NH 4 ) 2 S 04 • Tl 2 (S 04)3 • 8 H 2 O, but the formation of true alums is still 
doubtful. 

Detection and Estimation. — All thallium compounds impart a green 
color to the flame and yield a green line at X 5350. 

Qualitative tests for thallous compounds are: (1) brown precipitate 
TI 2 S with H 2 S or (NH 4 ) 2 S in neutral or slightly acid solutions; no 
precipitate in presence of a strong acid; (2) soluble halides produce TlCl, 
white, TlBr, pale yellow or TII, bright yellow; (3) K 2 Cr 04 precipitates 
yellow, Tl2Cr04; (4) H 2 PtCl 6 precipitates yellow, TLPtCle (quantitative); 
(5) sodium cobaltinitrite precipitates thallous salts quantitatively m thal- 
lous cobaltinitrite, brilliant red. 

Thallic salts are identified by the brown precipitate produced by am¬ 
monia or the alkali hydroxides; or by reduction to the thallous state and 
the tests given above. 

Quantitatively, thallium is determined as the iodide, chloroplatinate, 
chromate, or sulfate. Thallium may be determined volumetrically, also, 
by the use of permanganate ^ or iodometric measurement. 

1 Abegg and Maitland, anorg. Ohem. 49 341 (1906). 
a A. J. Berry, J, Ch&m, Soc, 121 394 (1922). 
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GROUP IV —TITANIUM 

The elements which comprise Group IV occupy the exact 
center of the periodic table. Recalling that each series of the 
table shows a gradual transition from metal to non-metal, it 
is to be expected that the elements falling in the center of the 
series will be distinctly amphoteric and electrochemically in¬ 
different. There ought also to be less marked differences be¬ 
tween the members of Divisions A and B than in the other 
groups of the table. So slight are these differences in fact 
that the division into sub-groups is scarcely necessary except 
for convenience. It is to be noted, however,. that the differ¬ 
ences between A and B sub-groups increase as we pass from 
Group IV toward either end of the table. 

All the members of this group are metallic in nature except 
,the first two members, which are mainly acidic. All the me¬ 
tallic elements except tin and lead have high melting points; 
none suffer more than superficial oxidation at low temperatures; 
but all the elements of the group, when heated strongly, com¬ 
bine readily with oxygen, yielding the dioxide, except in the 
case of lead. The dioxides of the elements of lower atomic 
weights are acidic, but the basicity increases with increased 
atomic weight of the element. 

The principal valence of Group IV elements is 4, each ele¬ 
ment of the group except lead forming its principal series of 
compounds in the quadrivalent state. Valences of 2 are com¬ 
mon, and 3 occasional. The quadrivalent halogen compoimds 
of most of the elements form characteristic double derivatives 
with the alkali halides, of the.t 3 rpe These com¬ 

poimds, especially the fluorides, are of much importance. 

Nowhere does the unique character of the first member of 
the family stand out more strikingly than with carbon in Group 
IV. The ability of carbon atoms to form countless chain and 
ring compounds, the relationship of carbon to all forms of life, 
and its peculiar dhemical behavior make this element stand in 
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precipitated by the alkalies in the presence of hydrogen peroxide. 
This behavior is sharply in contrast with the elements of the 
B division, and is intimately related to the greater electro¬ 
positiveness of the A sub-group. The physical constants of 
sub-group A are shown in Table XXIV. 


Table XXIV 


Properties of Titanium Sub-Group 



Titanium 

Zirconium 

Cerium 

Thorium 

Atomic Weight . . 

48.1 

90.6 

140.25 

232.15 

Specific Gravity . . 

4.87 

4.25 

6.73 

11.00 

Atomic Volume . . 

9.88 

21.32 

19.92 

21.13 

Melting Point . . 

1795^=* 

1500° 

635° 

1450° 


Titanium ^ 

Historical. — Rev. William Gregor in 1789 discovered a new metal in 
the magnetic sand from Menachan, Cornwall, which was known as mena- 
chanite or more commonly now as ilmenite. He suggested the name 
menachin for the new element. A few years later, Klaproth found a 
new element in rutile, and suggested the name titanium, from the Titans, 
the giants of Grecian mythology. In 1797, he proved that menachin 
and titanium were identical and the former name was dropped. The 
pure oxide was not prepared imtil 1821, when Rose successfully purified 
Ti02. Early attempts were made to produce the element by reduction of 
the oxide with carbon. Berzelius in 1825 prepared a metallic substance 
which was supposed to be the element until in 1849 Wohler proved it to 
be a cyanonitride. 

Occurrence. — Titanium is usually regarded as a rare ele¬ 
ment, but it is one of the 10 more abundant elements in the 
earth's crust, Ti02 making up 0.73 per cent of the y^hole litho¬ 
sphere. It is almost twice as abundant as carbon and exceeds 
chlorine, phosphorus, and sulfur in abundance. It resembles 
silicon in its combinations, since it is never found in the free 
state, but in combination with oxygen either as the simple 
oxide or as titanates. 

As Ti02 it occurs in three distinct crystalline forms known 
as rutile, brookite, and anatase, the first named being common 

1 See report by R. J. Aoidersou, U. S. Bur. of Miixes, Serial No. 2406 (1922). 
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Ilmenite and titaniferous magnetite are found in many locali¬ 
ties, the best known foreign deposits being at St. Urbain, Que¬ 
bec, and in Norway and Sweden. In the United States ^ two 
deposits are notable: at Lake Sanford, New York, the ore 
^averages 62.8 per cent magnetite and 30 per cent ilmenite; at 
Iron Mountain, Wyoming, the average composition corre¬ 
sponds to 49.8 per cent magnetite and 40.15 per cent ilmenite. 
The two deposits are estimated to contain many millions of 
tons of ore. A recently developed deposit at Pablo Beach, 
Florida, was producing in 1919 considerable quantities of 
ilmenite and rutile, along with zircon and monazite. 

The production of titanium .ores fluctuates widely from 
year to year. About 200 short tons of rutile (95% Ti02) are 
marketed annually in the United States. The amount of 
ilmenite produced was 1644 tons in 1918, but in 1920 only 268 
tons were reported. A small amount of rutile is imported from 
Norway, and considerable ferro-carbon titanium is exported. 
The 1922 prices are about as follows: rutile (95%), 12 cents 
per pound; ilmenite (52% Ti02), 15 cents per pound; ferro- 
carbon titanium (15-18%), 20 cents per pound; and carbon- 
free titanium, 30 cents per pound of contained titanium. 

Extraction. — Rutile is exceedingly resistant to chemical 
action. Either rutile or ihnenite may be brought into solution 
by fusion with alkali, alkali carbonate, or bisulfate and extract¬ 
ing with acid. By adding ammonia to this solution a mixture 
of iron and titanium oxides is thrown down. Another satis¬ 
factory method fuses the ore with carbon in an electric furnace, 
subjects the carbides to the action of chlorine, and distills off 
the volatile titanium tetrachloride.^ 

Iron and titanium may be separated by several methods: 
(1) dissolving the mixed oxides in HCl and extracting FeCls 
with ether;® (2) reducing the iron with NaHSOs, adding KCN 
and ammonia and heatmg nearly to boiling, Ti 02 precipitates, 
irqn remains in solution as ferrocyanide; ^ (3) adding ammonium 
tartrate to hold the titanium in solution then precipitating iron 
with ammonium sulfide, evaporating the filtrate with a mixture 
of sulfuric and nitric acids to destroy the tartaric acid and pre- 

1 See Bull. 64, IJ. S. Biireati of Mines. 

SmHer, B&r. 37 4406 (X904); ibid. 38 2619 (1905). 

2 Bameby and Ishaan; Jowr. Am. Chem. Soa. 32 957 (1910) 

^ Bom^amnn and Scbinn^ster, MebiUurgie^ 7 7:§| 
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cipitating the titanium with ammonia; ^ (4) heating a mixture 
of ferric and titanium oxides in the presence of HCl and S 2 CI 2 ; 
the iron distills out, leaving Ti 02 unattached.^ 

Metallurgy. — Titanium is obtained in the metallic condi¬ 
tion with the greatest difficulty, because of its extremely high 
melting point, the ease with which it unites with oxygen and 
nitrogen of the air, or hydrogen and carbon as reducing agents, 
and its readiness to alloy with most of the common metals which 
might be used for utensils or electrodes. 

The methods which have been used to prepare the element 
are as follows: (1) reduction of potassium titanofluoride with 
sodium or potassium — this method does not effect coniplete 
reduction; (2) reduction of TiCU with hydrogen is not suc¬ 
cessful, but heating the tetrachloride with sodium in a cast 
iron bomb gave^ a product containing 95-99.7% titanium; 
(3) reduction of Ti 02 with magnesium, silicon, or aluminium 
does not give good results because titanium alloys with these 
metals; (4) reduction of Ti02 with carbon gave good results ^ 
if the temperature was high enough to decompose the com¬ 
pounds formed between titanium and carbon and nitrogen. In 
this way carbon is the only impurity, and it may partly be re¬ 
moved by fusion with more Ti02. Moissan obtained in this way 
a product which contained 98 per cent titanium; (5) reduction^ of 
Ti02 by calcium shavings in an evacuated iron dish. The product 
was very pure; (6) electrolysis of a solution of Ti 02 in fused 
CaCb gave ® a product nearly free from nitrogen and carbon. 

These methods all gave the element in powder form. The 
fused metal was prepared ^ by pressing the powder into bars 
at 70,000 atmospheres pressure and using these as electrodes 
in a vacuum arc. The metal fused in the form of globules on 
the ends of the electrodes. 

It is worthy of note that the metallurgy of the element tita¬ 
nium is in the same state of development at the present time 
that aluminium was forty years ago. 

1 Thornton, Am. Jour. Sci. 34 (iv) 214 (1912). 

2 Bourion, Compt. rend. 164 1229 (1912). 

2 Nilson and Pettersson, Zeii. Fhys. Chem. 1 28 (1887); ZeU. anorg. Chem. 
99 123 (1917); and Trans. Am. Blectrochem. Soc. 37 513 (1920). 

^ Moissan, Compt. rend. 120 290 (1895). 

® Wedekind, Arinalen, 396 149 (1913). 

® Borchers and Huppertz, Metallurgies vol. 1, p. 362 (1904). 

^ Weiss and Kayser, Z&it. anorg. Ch&m. 65 388 (1910). 
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Properties. hi the aiiiorpliou.'^ fortii, filntiium w a dark 
l-ray jKavder rluwly ivw-mhliiig n‘(lu(T(l iron in apiKiaraiua*. 
h if^ jiaraiuaKiiflii-. Tl«> fiiml ii«-tal rc-.s('inlilcn polwhcd Hied 
and is Hidlii-K-nily hard lo wruteh (inurl/,; when cold ii in ho 
!h;i! i! may he piiwdered in an aerate moriar, hut when 
projMTly jm pared it may in- worked ea.Hily,' id, ri-d iieid. ii may 
!«• forKetl and drawn, ulthoiiRh it jMWKeHKi-H little ductility. The 
fr;n'tnred i-m fm-v hii.-* a hrilliiinl luHter, HometitncH with a tint 
of yellow xoiiiewhnt rewinhliiit^ hronze. When rubbed agaiiiHt 
Hteei It t*iveH hri){ht Hj»nrk«. 'rhe Hpeeific! heat riHCH nifiidly 
with iiiereaMe of lemiMTiiture, iM*itiK; <>.1 Tif) between 0° and 100® 
iind between 0" and IKf; eonwqiietdly the atomic! heat 

v’arieH from .'i.f to 7.77 for the Hjunc* int(>rvalH. In the! crystal- 
hne form if in i>(oiiiorphoii.s with zircioniutn and Hilicon. 

'I'itiiiiiuin ix Htidile in the air, ultncwt no oxidation taking 
place up to 120'* (’. Hilt when heafcal to 010® in oxygen the 
metal taken fire and hiirrw with diizzling brilliancy, producing 
I'ittj. 'riie heat of **oitihu«tion (h 24,402 caloricH per eciuiva- 
lerit. At WMi" if In'KitiH to burn in nitrogen, uIro forming tho 
nitridi* 'I'lX. Thin ia the only element known which burns 
vigorously in nitrogen. When heated in the air a mixture! of 
oxide ami nitride resulfH. When titanium dioxide is heated 
in nir in the priwnee of earlion a eom{xiurHl ealled esyunonitride 
of uneerlain eoiiijKmition is formed. It is accordingly found 
ill blast furnaees which iiiw titaniferoiiH ores. It forms bril¬ 
liant m! ciilies, estnnnely hard and resistant to acids, but 
liki* the nitridi* it yields aintnonia when heated with steam, 
lienee, lioth ihesi* eompounds have lM‘C!n proposed for the 
fixation of iitinospht'rie nitrogen. At 7(Xr"8(X)® titanium de- 
eoni|s««w sti'Min, When mixed with red lead and heated, the 
element in oxithxed SO wpidly that it is thrown out of tho 
crui'ili!»« with loin! detonattons. 

Titanium burns in ehlorine at 350®, and with bromine or 
ioiline at somewhat higher btmperatures, forming salts of the 
fyjs' 'f’i.Ki. Wlii*n heatwl, it combines directly with almost 
all non-metals, even with carlKin, silicon, and toron at the 
temisTatun’ of the electric furnace. Tho borides and silicides 
an* as hard m rtiamonds. At low temperatures the elomont 
resists the art ion of acids, but it dissolves readily on warming. 

' K. J. Anikmm. Jour. Frank Inot. iU 407 (1017). 
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with itH itllnyH, of whic’h hy frcr flir ih frrrit- 

titiiniiiiii. Ihitil very 

lliiiii I }w*r relit Ilf litiifiiuiii Wf*rr iint n^rd Ki-rriiiM*' af tli*^ difli- 
riiltiei^ eiirouiitereil when HfU‘Uipl*^ I-m ill tin* 

ftiriinre, A fwty ehin iiini 

ryafiieiitiKli* fcjniied tlii^ fiiririre e^iiird ti|n flu* 

liiiiiig wirH iitfiirkerh jiiid !}i«* inA vunmuipUmi liiyli. Af* ii 
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reaction; in America the Rossi process ^ is used, in which an 
electric furnace produces a bath of molten aluminium. To 
this is added the desired amount of scrap iron, or high-grade 
iron ore if a very low-carbon product is essential. After a 
layer of molten iron is formed below the aluminium, thestita- 
nium material is added, either in the form of titaniferous iron 
ore or rutile or even titanium slag. The reaction is exothermic 
so httle current is required to maintain the reaction temperature. 
This process yields an alloy containing up to 75 per cent tita¬ 
nium and with from 0.12 to 0.8 per cent carbon. The American 
product usually contains about 25% titanium, 5% aluminium, 
and 1 to 1.5% silicon. This gives a low-melting titanium 
aluminate on fusion in the steel bath. There is keen rivalry 
between the two methods of producing the ferro alloy.^ 

The use of ferro-titanium in the steel industry is rapidly 
gaining favor, especially in the United States. The effect of 
the titanium is twofold: (1) its striking affinity for both oxy¬ 
gen and nitrogen makes it efficient for the removal of the last 
traces of these elements; (2) it apparently has the unique prop¬ 
erty of causing the separation of occluded substances like 
oxides and sulfides of iron and manganese, silica, slag, etc. As 
ordinarily used, very little, if any, of the titanium remains in 
the steel, hence its purpose is purely that of a cleansing agent. 
The fluidity of the slag is increased because of the exothermic 
reactions which accompany the removal of the impurities, 
hence the separation of the slag is more nearly complete. The 
importance of removing oxygen, nitrogen, and iron oxides is 
becoming more and more evident, as experiments tend to show 
that these impurities are more troublesome than small amounts 
of sulfur.^ 

The beneficial effect of titanium treatment is most evident 
in Bessemer steel; it is less marked in open-hearth steel and it 
is even applied to crucible and electric steels and cast iron. 
The addition of titanium is best accomplished as an iron alloy. 
If the element is added alone, its high melting point and low 
specific gravity make it difficult to obtain a good mix. In 

1 Auguste J. Eossi, Elect. Ch&rrif Ind. 1 623 (1903). 

* See E. J. Anderaen, Jour. Frank. In%t. 184 467 (1917); C. V. Sloounii Trane. 
Am. Electrochem. Soc. 20 266 (1911). 

® See Iron Age, 13, 1916, p. 146*, BvM. A. I. M. E.y Oot. 1916, p. 
1841; Chm. and Met. 11144 (1913). 
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Till* iiMi» fif tifnriium in cnnt injri ha^ l>o(*n hiii tin* n*- 

siillH an* HciiiM»what Iphh noiiviiicirij^. Tlu* alloy uhch,! for t-hin 
piirfMiw* giaii*rally rcnitaiim from (K1 to LO pea* cami of titanium, 
Tlif* c»ifc‘c»l of llif* titaniiirn in to nunovo oxygorp nitrogcup and 
Miilftir; to fhrow «iown and to |)revc*nt the* pronipita- 

tiori of iron earbiclt*. It in daim(*d tiuit th(* prodiutt haa in- 
c?rt*iii!f»d Biriuigtlp ^oundnaHH, and hardnew, an wcdl m imprc)V(*d 
rmialiiriiiig qualitic*H, 

Troatinont iron and other metala witli titanium han a non- 
«i<ierable effiHd upon the rnagtietic propc*rtic*B, Iron which lias 
licoii treated with titanium has higher nuignctization curves 
and lower liystereHis 1 ohs(*s.“ 'Tlicw c*fTc‘ctH an* prohalily pro- 
diicecl by the cdeariHing action of titanium. If some titanium 
remains in the irorp thc^ magnc^tic propcTtic's an* lower than 
pun* iniri. Ferrosilicon, wh(*n ir(*at(*d with titanium, gives an 
exc*eedingly high |>c*rrnc*ahility and low hyHterc‘His loss. 

Other alloys of tifiinium are prepared/ usually from rutikp 
since generally these alloys must contain little* or no iron. These 
idloys are made in tin* (*h‘(ttrie furnaca* or l)y the Goldschmidt 
process. C‘u|)ro-titanium (’ontaining 5-12 jier cent titanium 
is much* tiy adding c»opfK»r to the* aluminium liath, then adding 
rutile, llie addition of 12 iK‘r c(*nt of this alloy to molten 
i!cip|M*r or brasH produca^s a medial which can ea.-sily be cast in 
miml and is fn*e from hlowiioh»H.^ Wh(»n present in small 
iiniciiints, fif.ariium raises the tc*nsile str(»ngth and hwers the 
cliiefility of co|)|M'*r. The toughni^ss and resiliency of alnmin- 
iiirti is iriereitsiai by 2 fK‘r ccuit of titimiurrp but t.his alloy lacks 
durability. A titariium-silv(*r alloy ^ added to molten silver 
inifiroves the stTiicture of the metal and imwents spitting ” 
cliiring the coolirtg procem. An alloy of manganc'*scp containing 
:iCb>B5 |M*r cent titiiriiiiirp is um*d as a ck*oxidi55er in bronze prao 
ticc. All alloy of silicon and titanium is produced * f>y smelt¬ 
ing TiO| iiitd BiOa with carlion in the electric furnace. It is 
iM*d for tli© fidcliiicm of Ixith silicon and titanium to steel. 

* II. fmm. Am. Fmndf^mCu Amm, Vt ft? CiaOS); Bull. Am. 

imi. Atm, IfU 2 . p. 1245 ; Slomim, Bng. IS 257 (lIUll; Htoyglitcm* 
Tmm. 4 wi, tml, Atm, 44 2 S 2 ( 1012 ). 

* fmtm. Am, Mhrinmhtm, Hm. tt 51.1 IWMt). 

* Mfimmi imirmlrg, §715 

♦Stv JIfliil wmi Bn. tt iO utiU 411 (1014). 

^ Umm, tP H. PrUf. P«I24.47II »ti«l 1,(125,426. Aug. 1912, 

» Jmf. Mm. Ckmh algo. Irm Age, Jum P 1018 p. 1540. 
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slight tendency to vaporize, and the brilliant light emitted. 
The filaments must be made of very pure titanium, since even 
traces of impurities render them extremely fragile. The cost 
of producing the pure metal makes these filaments prohibitive. 
Efforts have also been made to utihze the brilliant light of 
titania in incandescent gas mantles. 

As mordants and dyes the compounds of titanium find a 
variety of important uses in dyeing cotton, wool, paper, and 
leather. If leather or textile goods are immersed in a solution 
of a titanium salt and then steamed, the hydrated dioxide is 
precipitated. This forms permanent lakes, producing bril¬ 
liant colors when the material is put through the dye bath. 
In the more delicate fabrics titanium salts of organic acids are 
used to prevent injury by free mineral acids. Formerly quad¬ 
rivalent titanium compounds were used for this purpose, but 
they have been very largely displaced by trivalent salts, which 
are serviceable not only as mordants but also because of their 
great power as acid-reducing agents. The chloride, TiCls, 
and the sulfate, Ti 2 (S 04 ) 3 , are the salts generally used. In 
using direct dyes on cotton goods, sometimes the color is un¬ 
even or the shade too deep. If it is necessary to remove the 
dye, a process called stripping, it may usually be done quickly 
by immersion in a 1 to 5 per cent solution of titanous salt. 
In the same way in figured goods in which the color has run,'’ 
the background may be whitened. 

Potassium titanium oxalate is used extensively for both mor¬ 
danting and dyeing of leather, giving various shades from yellow 
to brown. The lactates of titanium under the trade name 
“ corichrome " are used in the leather industry both as mordants 
and strikers." The use of titanium salts in dyeing leather 
does not produce so brittle a product as iron salts. 

Titanium pigments are known in several colors. The ferro- 
cyanide has a fine green color, used in place of arsenical pig¬ 
ments in waU papers. Various shades of yellow, brown, and 
red are produced by roasting rutile or ilmenite with other 
materials. A light yellow pigment made from ilmenite ^ forms 
a protective coating for iron and steel, especially when mixed 
with asphalt. Precipitated Ti02, titanium white or titanox," 

^ R. J. Anderson, Jour. Frank. Inst. 184 467 (1917). 
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has been used successfully ^ as a paint base, where its perma¬ 
nence, great opacity, and non-poisonous nature have increased 
its popularity very rapidly. It may be used in mixture with 
BaS 04 , forming essentially a titanium lithopone. Calcium 
titanate also gives promise of becoming a useful paint material.^ 
Titanium paint is unaffected by sea water,^ has no saponify¬ 
ing action on linseed oil, and has more than a third greater 
covering power than white lead. The manufacture of titanium 
paints has reached large proportions at Niagara Falls and in 
Norway. 

Ceramic colors frequently utilize titanium compounds. 
Rutile is used to give a soft yellow under-glaze color to porce¬ 
lain, replacing the more expensive uranium compounds for 
this purpose. It is also used in tinting artificial teeth, porcelain, 
tiles, etc., in which the amount varies from 0.5 to 5 per cent, 
depending on the depth of color desired. The characteristic 
blue color of sapphires is presumably due to trivalent titanium, 
since synthetic stones identical with the natural product have 
been prepared ^ by fusing alumina with Ti 02 and Fe 203 . 

Titanium trichloride has been used ^ extensively in the labora¬ 
tory as a powerful reducing agent. It reduces many organic 
substances and one part of gold in twenty million may be de¬ 
tected by the colloidal solution which it produces. In about 
1 per cent solutions it is convenient for the quantitative deter¬ 
mination of iron, copper,® tin, chromium, hydrogen peroxide, 
chlorates, nitrates, hydroxylamine, and many other substances.^ 
Its use has been much more general in Europe than in the 
United States, where its introduction has been hindered by the 
diflBLculty of preserving an accurately standardized solution. 
Its popularity is increasing rapidly and 15-20 per cent solu¬ 
tions of tiianous chloride or sulfate may now be obtained from 

1 H. A. Gardner, Circular 62, Educ, Bur. Paint Mfg. Assn, of U. S., April 
1919 ; also Chem. Ztg. 42, 356 (1918). 

2 U. 8. Pat 1,436,164, Noy. 21, 1922. 

2 Chemie et mdustrie, 6 815 (1921). 

4 Verneuil, Compt read. 160 185 (1910). 

fi See Ber. 36 166, 1549 (1903); Brandt, Chem. Ztg. 42 433, 450 (1918); 
Jour. Am. Chem. Soc. 43 91 (1921); also, Neva ReducHon Methods in Volumetric 
Analysis, Longmans, Green and Company (1918 ); Hendiixson and Verbeck, 
Jour. Am. Chem. Soc. 44 2382 (1922); Hans Rathsburg, Ber. 64, B 3183 
(1921). 

W. M. Thornton, Jr., Jov/r. Am. Chem. Soc. 44 998 (1922). 

7 “ Titration of Azo Dyes with TiCl®,"* D. O. Jones and H, R. Lee, Jov/r. Ind, 
and Eng. Chem. 14 46 (1922). 
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American manufacturers. These solutions may safely be di¬ 
luted for use if sufficient acid is added to prevent hydrolysis. 
The standard solutions should be kept in an atmosphere of 
hydrogen, but the titration may be made in air although some¬ 
what better results are obtained in an atmosphere of carbon 
dioxide. 

Titanium tetrachloride came into great prominence during 
the war as a material for producing toxic smoke. Its value 
in this connection depends upon the fact that the colorless 
liquid is quickly hydrolyzed in moist air, forming the dense 
hydrate, TiCU • 5 H 2 O. If the amount of moisture is excessive, 
the hydrolysis is complete, giving HCl and Ti (OH) 4 , which has 
less obscuring power. In case the latter reaction takes place 
the density of the cloud is greatly increased by adding NH 3 , 
which forms a cloud of NH4CI. If, however, NH3 reacts with 
TiCU in the absence of moisture, TiCU • 6 NH 3 is formed, which 
has little obscuring power. Consequently when TiCl 4 is used 
in shells it is generally planned to disperse it with a high ex¬ 
plosive, and after a few moments ammonia from a separate com¬ 
partment is also dispersed. In this manner the total obscuring 
power ^ is 50 per cent higher than is obtained from SiCh. The 
latter is more volatile, therefore more easily handled from a 
nozzle, and requires a very wet atmosphere for giving its highest 
obscuring power. Consequently it is better adapted for use 
in the navy. But in the army, TiCU is used in ’shells and gre¬ 
nades. The production of TiCU during the war became an im¬ 
portant industry, crowding out for the time the manufacture 
of titanium pigments. During 1918 it is said that 160 tons of 
titanium ore were used ^ in the production of tetrachloride for 
military purposes. 

Titanium compounds find a limited use in pyrotechnics, 
where they increase the intensity of the light. Ti 02 is deposited 
in minute particles on CaS 04 in the manufacture of linoleum; ^ 
it was also used in place of Sn 02 as an opacifier in glass an^^ 

1 The total obscuring power (T. O. P.) is the product of the volume of smoke 
in cubic feet produced by 1 pound of the substance, multiplied by the density 
of the smoke. The density is the reciprocal of the depth of smoke layer in feet, 
beyond which it is impossible clearly to distinguish the filament of a 40 -watt 
Mazda lamp. The T. O. P. of phosphorus varies from 3000 to 16,000, depend¬ 
ing on the humidity. 

2 See Trans. Am. Electrochem. Soc. 35 323 (1919). 

3 Brit. Pat. 110, 324. 
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enamels; the nitride may become useful for the fixation of at¬ 
mospheric nitrogen as well as for a refractory. Clear crystals of 
rutile are used as gems; siloxide quartz contains some Ti 02 
along with Zr 02 , the product being somewhat more satisfactory 
at high temperatures than ordinary quartz. Pure titanium 
rods are employed in astronomy for the production of spectra. 

Compounds. — Titanium forms four distinct classes of com¬ 
pounds whose relationships are shown in Table XXV. In 
general the compounds resemble those of zirconium, colum- 
bium, and tantalum. The oxide, Ti02, is a little more acidic 
than Zr 02 , and most of the titanium compounds easily yield 
a diflSicultly soluble basic salt, consequently the presence of 
free acid is essential to complete solution. 


Table XXV 

Classes of Titanium Compounds 


Oxide | 

HyDBOXIDB I 

Chaba-C- 

OTEB 

Typical Salts 

Names 

Remakes 

TiO i 

Ti(OH)j 

Basic 

only 

TiCh, TiS, 
TiS04 

Dichloride 
Monosul- 1 
fide, etc. 

Easily 
oxidized; 
not im¬ 
portant 

Ti208 

TijO.-XCHiO) 

. 

Basic 

only 

TiCla, TijSs, 
Ti 2 (S 04 ) 3 , etc. 

Titanous 
(or tri) chlo¬ 
ride, sesqui- 
sulfide, etc. 

Easily 

oxidized 

and 

strongly 

hydro¬ 

lyzed 

TiOj 

ti(oh:)4 

Feebly 

basic 

TiCU, TiS2 

Titanic (or 
tetra) chlo¬ 
ride, disul- 
1 fide, etc. 

Few salts 
of weak 
acids; 
forms 
complex 
salts 



Acidic 

■ 

Na2Ti08 

FeTiOa 

Titanates 

Stable 
com¬ 
pounds ; 
forms 
complex 
titanates 
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Hydrogen appears to combine directly ^ with titanium, but the suc¬ 
cessful preparation of TiH4 has only recently been accomplished.^ It is 
best prepared by the electrolysis of a dilute solution of H2SO4 with a tita¬ 
nium cathode. It is a colorless, odorless gas, which burns readily, and in 
Marshes test leaves a residue varying from black to brown, gradually 
becoming greenish. 

With oxygen titanium forms TiO, Ti203, and Ti02; other oxides, Ti304, 
Ti70i2, Ti206, and TiO3, are described, but their existence is doubtful. 

TiO is formed by reduction of Ti02 with carbon or a metal like zinc or 
magnesium: 2 TiO 2 + Mg = MgTiOs + TiO. This reaction shows that 
Ti02 is more difficult to reduce than SiOa. Ti(OH)2 is a black precipitate 
formed when an alkali is added to a solution of TiCb. 

Ti203 is formed by reducing Ti02 with hydrogen or when the vapors 
of HCl and TiCU are passed over white hot Ti02. 

Ti02 may be prepared artificially in the three crystalline ^ forms, since 
anatase is the stable form below 860 °, brookite between 860 ° and 1040 °, 
and rutile above 1040 ° C. The amorphous TiO2 is prepared by precipita¬ 
tion of a quadrivalent salt with ammonia or by igniting ilmenite with 
chlorine and hydrogen chloride: 2 FeTiOs + 4 HCl + CI2 = 2 FeCls + 
2 TiO2 + 2 H2O. From this mixture FeCb is removed by distillation. 
TiO 2 is insoluble in water and difficultly soluble in acids, but it dissolves 
in sulfuric acid when heated. On fusion with the alkalies or alkali car¬ 
bonates it forms titanates. 

Ortho titanic acid, presumably Ti(OH)4, forms a gelatinous white 
precipitate when ammonia, the alkalies, or alkali carbonates are added to a 
cold solution of a titanate in HCl. When first formed it is soluble in dilute 
acids, but on standing, and especially on heating, it is gradually dehydrated, 
forming more sparingly soluble hydrates. On ignition it glows, yielding 
Ti02. 

Metatitanic acid, TiO (OH) 2, is formed by heating a solution containing 
Ti(0H)4 or a titanic salt, or by action of nitric acid on the element. 
Ti(804)2 is easily and completely hydrolyzed on boiling. The meta acid is a 
soft white powder, insoluble in hydrochloric acid, forms colloidal solutions 
readily, and when ignited yields Ti02 without glowing. 

When H2O2 is added to a titanic solution a yellow color is produced, 
generally ascribed to the formation of derivatives of the superoxide, TiO 3. 
These pertitanites may, however, be related to Ti-zOs.** Other derivatives 
have been formed,® such as TiOa • 3 H2O, BaOa • TiOs • 5 H2O. 

With nitrogen titanium reacts vigorously, forming a compound now con¬ 
sidered® TiN, though various formulae were formerly assigned to it. It 
is also prepared by heating a mixture of Ti02 and carbon in the presence 

^E. A. Schneider, Z. anorg. Chem. 8 81 (1896). 

2 A. Klauber, Z. anorg. allgem. Chem. 117 243 (1921). 

^ See Knop, Jahrbuch Min. 1877, 408; Daubree, Compt. rend. 29 227 (1849), 
30 383 (1850), 39 153 (1854). 

4 M. Billy, Compt. rend. 172 1411 (1921). 

® Melikoff and Pissarjewski, Ber. 31 678, 953 (1898). 

fiRuff and Eisner, Ber. ZS 742 (1905); 41, 2260 (1908). 
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of nitrogen or Ti 02 with, ammonia. It is as hard as diamond, and exceed¬ 
ingly refractory. A nitride, Ti3N'4, is also formed,^ but no nitrate, other 
than the basic salt, 5 Ti 02 • N2O6 • 6 H 20 .^ 

With fluorine titanium forms TiFs and TiF4. The former is produced 
when K2TiF6 is ignited in a stream of hydrogen or when the same sub¬ 
stance in solution is reduced by zinc and HCl or sodium amalgam. 

TiF4 is best prepared by the action of anhydrous hydrogen fluoride on 
titanium or titanium tetrachloride. It unites with the metallic fluorides, 
forming sparingly soluble titanifluorides of the type M'2TiF6 and M'TiFe, 
which are isomorphous with the similar silicon, zirconium, and tin double 
fluorides. It does not combine directly with HF, but yields additive com¬ 
pounds with ammonia and pyridine. 

With chlorine titanium forms three classes of compounds in which it 
is bivalent, trivalent, and quadrivalent. 

TiCh is formed by reduction or heating of TiCh, which yields a mixture 
of TiCh and TiCh. The latter may be distilled off. The properties of 
the dichloride vary considerably with the method of preparation. 

TiCls is produced by the reduction of the tetrachloride with hydrogen 
or a metal like silver or mercury. When heated in the air it breaks up, 
giving the volatile tetrachloride and the solid dichloride. TiCla is deli¬ 
quescent, forms a reddish violet solution with water, and violet crystals, 
TiCls • 6 H2O, from a hydrochloric acid solution. An unstable green hydrate 
of the same composition is formed when an aqueous solution of the tri¬ 
chloride is covered with ether and saturated at 0 ° with HCl. From the 
violet form all the chlorine may be removed by AgNOs, but this is probably 
not true of the green modification. The trichlorides of chromium and 
vanadium likewise are known in two forms. TiCh forms double salts with 
the chlorides of rubidium and caesium. It is a more powerful reducing 
agent than stannous chloride and on this account finds extensive applica¬ 
tion in both qualitative and quantitative analysis. 

TiCh is prepared by passing chlorine, carbon tetrachloride, or chloro¬ 
form over the metal, its carbide, the ferrotitanium, or a mixture of the oxide 
and carbon. The crude TiCU may be separated by fractional distillation 
from SiCh. 

Titanium tetrachloride is a colorless mobile liquid which has a specific 
gravity of 1.76 at 0°; it freezes at — 23 ° and boils at 136 °. It is hydrolyzed 
by water, forming a series of oxychlorides. In spite of its hydrolysis TiCh 
dissolves in water to a clear solution because enough HCl is formed to pre¬ 
vent the precipitation of Ti(OH)4. On boiling the precipitate appears. 
The chloride dissolves readily in HCl, apparently forming H2TiCl«. On 
adding NHa or organic bases to this solution crystals of the type (NH4) aTiClB 
are formed. The chloride forms many stable additive compounds with 
non-metallic chlorides such as: TiCh • PClg ; TiCU * PCh ; TiCU • POCU ; 
TiCU • 2 POCI3, etc. Additive compounds are also formed with ammonia 
and organic substances. 

1 Ruff and Treidal, Ber. 46 1364 (1912). 

^ Merz, Jour, prakt. Chem. 99 167 (1866). 
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With the other halogens titanium forms TiBrs, TiBr4, TiCl2Br2, TiClBrs, 

TiU, Tils, Til4. 

With carbon titanium combines directly, forming TiC, which is a metallic 
appearing substance used somewhat in artificial lighting. If nitrogen is 
present also, a cyanonitride, probably Ti(CN)2 • 3 Ti3N2, is formed. Tita¬ 
nium forms simple or double salts with many organic acids, such as formic, 
acetic, oxalic, tartaric, thiocyanic, and thiocyanuric. 

With titanium forms the three sulfides, TiS, Ti2S3, and TiS2, besides 
corresponding normal, basic, and double sulfates. The ability to form 
sulfates distinguishes titanium rather sharply from silicon and germanium. 

TiS is a very stable compound formed by the reduction of the higher 
sulfides with hydrogen at high temperatures. It is a dark red metallic 
appearing substance, resembling bismuth. It is unaffected by dilute 
acids or alkalies, but it is slowly oxidized by nitric acid and aqua regia and 
dissolved by concentrated sulfuric acid. 

Ti2S3 is produced when TiS2 is moderately heated in hydrogen; or when 
Ti 02 is heated to bright redness in moist H2S and CS2 vapor; or when TiN 
is heated with sulfur and hydrogen. It is a black metallic powder, insoluble 
in dilute acids but dissolved by concentrated sulfuric and nitric acids. 

TiS2 is formed by the action of CS2 upon Ti 02 ; by heating Ti 02 , 
sulfur, carbon, and sodium carbonate; or in purer form by passing TiCU 
vapor with H2S through a heated porcelain tube. It dissolves in acids 
with difficulty, and decomposes in boiling potash, giving potassium sulfide 
and titanate. 

Ti2(S04)3 is prepared by reducing Ti02 with sulfuric acid and heating 
with an excess of the acid. It forms typical alums with the alkali sulfates 
and other more complex double sulfates like 3 Ti 2 (S 04)3 • B.b2 SO 4 • 24H2O 
and 3 Ti2(S04)3 • (NH4)2S04 • 18 H2O. 

Ti(S 04)2 • 3 H2O has been described,^ but its existence is doubtful. The 
basic sulfate, 2 Ti 02 • 3 SO3 • 3 H2O, and the titanyl sulfate, Ti0S04, are 
definite compounds related to the normal titanic sulfate. 

Titanium also forms such compounds as TiP, Ti 02 • P2O6, and TiSi2. 

Detection. — Titanium compounds do not color the Bunsen flame, but 
show a number of spectral lines in the blue and green region. The borax 
or phosphate bead is colorless in the oxidizing flame, and after heating in 
the inner flame is yellow while hot and violet when cold. 

All titanic salts are hydrolyzed on dilution and boiling, especially in the 
presence of Na2S203, but not in the presence of citric and tartaric acids. 
If KOH is added to a cold titanic solution, Ti(OH)4, easily soluble in acids, 
is precipitated; but if the solution is hot, TiO(OH)2, more difldcultly soluble, 
is formed. 

K4Fe(CN)6 gives a brown precipitate from slightly acid solutions. 

H2O2 produces a yellow or orange-red color when added to a slightly 
acid solution of a titanic salt. Vanadic salts must be absent. 

Thymol added to a sulfuric acid solution of titanium produces an intens^j^ 
blood-red color. P 


iGlatzel, Ber, 9 1829 ( 1876 ). 
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A titanic salt in acid solution may be reduced to the trivalent con¬ 
dition by zinc or tin. The solution is violet in concentrated solutions, 
pink in dilute. Dihydroxymaleic acid gives a dull yellow-brown color, 
which becomes a brilliant orange by oxidation. 

Ti02 is not volatile when heated with H2SO4 and HF. 

Cupferron precipitates titanium.^ 

Estimation.2 — Titanium is determined gravimetrically as Ti02. It is 
precipitated as the hydroxide with ammonia or by hydrolysis of the salts; 
or precipitation may be accomplished with cupferron after removing iron.^ 

Estimation may be made colormetrically ^ by adding H 2 O 2 to the solu¬ 
tion and comparing with the color of a standard titanium solution. 

Volumetric determination may be made by reducing the titanium to the 
trivalent condition with zinc and then titrating with potassium perman¬ 
ganate, ferric chloride, or methylene blue.® 

^ Jour, Am. Chem, Soc. 42 1439 (1920); Jour. Ind. and Eng. Chem. 12 344 
(1920) ; Analyst, 44 307 (1919). 

2 See Hillebrand, Jour. Am. Chem. Soc. 39 2358 (1917); also, ihid. 42 36 
(1920); Ettele, Chem. Analyst, 27 10 (1918); Cavazzi, Ann. chim. a^pplicata, 
11 94 (1919); C. Grandjean, Chemie et Industrie, 8 46 (1922). 

3 Waddell, Analyst, 44 307 (1919). 

4 Cavazzi, Ann. chim. applicata, 12 105 (1919) ; T. Dieckmann, Z. anal. Chem. 
60 230 (1921). 

5 F. Ferreri, Giom. chim. ind. applicata, 2 497 (1920) ,* C. A. 15 2261 (1921). 
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GROUP IV-ZIRCONIUM' 

Historkal - Whc*n uttidying Home samploB of the mineral zircon from 
C\vIon, Kiiiproth in 17Hi) found a larf<o amount of an oxide which resembled 
liltimiiiii ekmely fuit difTeriHl from it in Ixung insoluble in alkalies. It 
proved to be the oxide of a new metal to which the name zirconium was 
fifiplied from the minernl zircon, which name is t)rDbably a corruption of 
jiirgoii, a Pemian word meaning gold-colored. Berzelius studied the 
element iind its compounds, which he mipposcxl were trivalent. He first 
rirepiired ttie metal m an iron gray pc)wd(‘r in 1824 by reducing potassium 
fiiiozirconiite with ^mtassium. The crystalline metal was first prepared 
by 'rnami in In 1857 Deville and 4Voost determined the vapor 

♦len«ity of the chloride and established the (]uadrivalence of the element. 
11if! homogeneity of zirconia has been fnxpKmtly (luestioned because of 
tlic ('omplex mixtim*8 in which the element is found in nature, the difficulty 
in the pr«*pariition of pure materials an(l the ease with which zirconium 
burins wiflely divergent basic compounds. In 1845 Bvanberg reported the 
mnv earth noria; in 1854 Nylander lielieved he had separated two new 
oxides from zir<‘onia; in IH(K) Horby announced the discovery of jargonia 
iifid C liureh found tlie new (dement nigrium; in 1001 Hofmann and Prandtl 
eliumed hav<» separated (uixenerde from the zirconia of euxenite. Each 
of these announectrnents has failed of ('onhrmation, and zirconium is com¬ 
monly rf*gfirded ^ as a di.stinct (chemical individual.® 

The rhiniiistry the (dement has developed very slowly because pre- 
vioiis to iHfri the main source of sufiply was the scarce mineral zircon, 
wliifdi is very rc»Crm'tory. With the discovery of baddeleyite, a natural 
oxide, In IHfl2 a miicdi larger sutiply of material became available, and its 
imlriirtion liiis Ixten greatly simplified. 

Occurrence,* — Thn chief zirconium minerals are zircon, 
an orthosilicatt?, ZrSiO*, and baddeleyite, ZrO,, with traces of 

^ and Its Compounds/* by F. F. Venable, Am. €hmn. Sac. 

Mtmmrnpk (I . 

^ iiiici Wirtli, Bm m 4441 mm) and 43 1807 (1910). 

* Till* iiioHitiiinmicrit wm m!etTttly madii of the separation of another ©lenntnt 
fr*»ri4 jdrrniiiiiiii, ("mtm and Hevesy (wsi MMum, Jan. 20, 1921, p, 79) havii 
w'liariifcd Inmt zlr«‘orilii.m triatoial a milMancc whose X-»y spectrum liiiM 
ndiiiddi* (4«wdy witli th© iswitkm which ihmild }m ocfnipled by the Hn©i of the 
clttiiviff wimm* atomic titiiiiljcr is 72. They have narnud th© new tlement 
loiftfiiioi, from lliifiiiae, a tiatne for C^imhagtn. They report that mc»t 

oms miitiiiit 0.01 to 0.1% hafnium, but a Morweglan or© eontained 
liljoiii l%of ii#w etemetit. Ite atomic wiilglit to »miiwhtp© bitw©en 
md I Hi 

* mm W. T. fcitalier, Min. ©/ U. 1916, pm II, pp. 877-880. 

m 
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the oxides of iron, calcium, titanium, thorium, and many other 
elements. Zircon forms tetragonal crystals with a density 
4.6~4.8 and hardness 7.5. They are colorless, red, yellow, 
brown, blue, or green. The more delicately colored ones are 
used as gems under the names hyacinth, jargon, jacinth, or 
Matara diamond. Zircon is found chiefly in Ceylon, the Ural 
Mountains, Greenland, Australia, the Carolinas,^ Virginia, 
New York, and Colorado. The mineral baddeleyite, similar 
to brazilite or zirkelite,^ is found mainly in Ceylon and Brazil. 
Extensive deposits,' as yet undeveloped, exist in the Caldas 
region of Brazil,^ where it is mixed with zirconium silicate. 
Isolated bowlders weighing as much as 30 tons are described. 

In addition to these minerals, zirconium is found in several 
rare minerals which are mainly silicates, less commonly titanates 
and tantalates. It is widely distributed in various igneous 
rocks and is a frequent constituent of rare earth minerals. It 
has been found in spring water and in the solar spectrum. It 
is doubtless present in small quantities in many materials in 
which its presence is not suspected because of the lack of a deli¬ 
cate and characteristic test. 

The production of zirconium minerals has never been exten¬ 
sive, nor has the supply been uniform. The United States 
production has come almost entirely from the North Carolina 
deposit, which rarely produces more than a ton per year, though 
in 1883, 26 tons were reported. The exportation from Brazil 
also shows a wide fluctuation, varying from 7 tons in 1903, to 
1119 in 1913, and 8 tons in 1915. The demand during 1920 
Was brisk, due to increasing interest in zirconia. During the 
first half of the year zirkite ranged in price from 4|’ to 7 
cents per pound wholesale, but during the latter part of the 
year the price fell to to 4 cents per pound. 

Extraction. — From zircon ^ extraction may be made by sev¬ 
eral methods: (1) fusion with acid potassium fluoride and ex- 

1 See J. H. Pratt, N. Car. Geol. Surv. Bulletin 26 (1916). 

* The names of these ores are used loosely, especially in commercial circles. 
Baddeleyite is Zr02; brazilite is the Brazilian dioxide, mixed with varying 
amounts of zirkelite, which is (CaFe)O- 2(ZrTiTh) Oa, zircon, and a new unnamed 
silicate. The term zirkite is a trade name, applied to the partially purified ore; 
tMs name does not appear in the 1922 edition of Dana^s Mineralogy. 

* See Miller and Singewald, The Mineral Deposits of South Am&rimt McGraw- 
Hill Company (1919). 

^ Zircon may be more easily ground to a powder if the ore is first heated 
strongly and then plunged into cold water. 





Z** y 

i 

4.f 

’r4j 

.^44, 

il^r 

4iil 

4<i.* 

-■4 

■441 

»!« 

ll. 

II 

m 

r|i* 

m 

ifii 

«1 

ill 

m 

♦ 

# 

u. 


f 

» 

f 

f 


M* 


m 



ZIRCONIUM 151 

fnictififi with hot water; potasBium fluozirconate crystallizes 
oil eociliitg; (2) fimion with potassium bisulfate and extraction 
with ililiitc* boiling sulfuric acid; the basic Bulfate is left imdis- 
Holvc*d; (ll) heating with NaOH and NaF and extracting with 
\vnim\ tfie sparingly solubki sodium zirconate is dissolved in 
IIC’l and on eva{K)ration ZrOCU separates; (4) fusion with 
Na 2 C'f):i and extracting with water. The zirconate is dissolved 
in im or 

The j)rc»piiration of zirconium material from baddeleyite usu¬ 
ally coriHistH in the removal of iron, silica, and less commonly 
titanium. Fe 4)3 is present in amountB varying from 0.82 per 
cent to i 0 . 2 (i p<*r cent, silica 0.19 to 26.30, and titania from a 
trace to 3J2 {kt cent. The method of treatment depends upon 
the purity desir(‘d in the product. (1) Boiling with strong HCl 
or II 2 HO 4 removes most of the iron and titanium; ignition with 
IIF and Il 2 H ()4 removes the silica. -^( 2 ) For a product free from 
impurities, it is recommended that the ore be fused with NaaCOa 
aiid The* medt is extracted with water and the 

zirconium salt crystallized out. J (3) Fusion with NaOFP in 
an iron c*rueil)k* following by (extraction with water and HCl, 
ilien pn»eipitaiion of basic zirconium sulfate yiedds a pure prod- 
Ufd. (Ij Fusion willi BaC’Oa at MOO"^ for 2 hours gives barium 
zirconate, which may Iw* dissolved in H(d and the solution evap- 
onitiai to n^mcjve siliea. Dissolvr* ilm zirexmium in acid and 
allow ZrC KIu to crystallize*. (5) By hcniting the ore in the elec¬ 
tric ant Willi carbon the* non-volatikt zirconium carbide is formed 
and is eaHiiy sf*|»arat(*d from thet volatile silicon carbide. Aqm 
ri*gia is used to disHolvt* ih(» ZrCb ( 6 ) A metthod recommended 
for the* large nmle purification of zirkitc? consists in mixing the 
on* with sii{fic*i(*nt carbon to form silicon carbide, then heating 
in an arc* furnace* to a tcrniKrraturo above 2220*^. This removes 
flO-tlfi jM*r cent, of the* silicon, hut no iron. Next the material is 
in tiic* pnwwcte of (•hlorine or phosgene to remove iron. 

Separation. The zirconium compounds prepared from the 
ores aliiiosl iiiviiriiibly contain iron, which is difficult to remove 
„.,cci»ipietely. Hifvitral methmls are available for separating iron 

* r/. BiL I :im ,fl4S, April 9, 191S, daimi that by a iimUar 99.5 ptr 

mui Zrl I* wii*y In* 

* nlwi Jurkwii iiimI Shaw, Jmtr, Am, Chtm, Hm, 44 2712 (1922). 

* iimi Haiidtiwi, Jmir, Htm, Churn, hid, 40 70 T (1921). 

* S, G, Tli 4 #itt|»i#a, i*rm. Am* Etmirmfmn, Bm, 50 445 (1921), 
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and zirconium. (1) NasSsOn, aild<‘<i to a hoilitig hit! Holiition 
of zirconiuiii Halt vvlii<’li roiitaiiiH a little fro(* acid, jirccijiitalcH 
zirconia, thori.a, an<l fitania, but iron, aluiniiiium, and tho nuo 
earths are not i)n'cii>ital('(l. (2) (N'HUaH in flic i>ri’s«'iici' of t.-ir- 
taric acid prccipifafcs iron but not zirconinin. i-'!i Mlin r ex¬ 
tracts FeCU from a solution containiiiy: IK’l, but not Zr(‘i|, 
(4) R(‘(M‘at(‘d crystidlizations of the oxychlorides will M-parate 
iron and zirconium. (,'0 Vaiiorizalioii of FeCli at L’lMU ('. 
(0) I’henyl hydrazine anil Hulfiirous aidd {ireeipitale zirconium 
but not iron. 

Zirconium may la* wparaled from titanium by (1; boiliuK 
with dilute sulfurie .and .'H'etie acids, lilaniiun beiuK preeipi, 
tated; (21 redueinn titanium to the frivnlent condition and pre¬ 
cipitating potn,ssium zirconium sulfate; Ct) (irecipitatinK basic 
zirconium phoKfihate witli hyilrogen iMTosidc and smiium phos- 
phaUs 

Zirconia may Ik* w'parati-d quantitatively from silica by 
fusion with NajCOj; extract the melt with %vafcr, filler, evap¬ 
orate with nitric acid, dehydrate the siliea, iind ex{K*l it with 
HP and HsBOi. 

Titanium aixi tin may lx* n'inoved from zirconium liy fusion 
with large excei« of KHH() 4 ; dissolve in water and nitric acid, 
and ignite the HnOs residue. Carefully neutralize the sohi- 
tion and precipitate the zirconium with H*()j and from the 
filtrate precipitate the tilniiiimi with 

MetaUurgy. — Pure zireoniiim is difneuit te obtain for 
several reasons: the oxide is verj' stable and does not decom- 
ptm except at a teiniKTafiire at wliich the reoxidation of the 
metal is prevented with diffieiilty; zirconium combines n*adily 
with oxygon, nitrog«*n, hydrogen, Iwron, silicon, and alloys 
readily with metals which miidht serve as nnliuting agents such 
as magnesium or aluminium. 

The attempts to prepare metallic zirconium have te'cn rondo 
by the swne methods and with much the same rewtills as fhow 
used in the reduction of titanium. The most imjmrtant in¬ 
vestigations am as follows: (1) B<*rzellus reducwl * jKihiwiiiw 
fluozirconate with potassium and obtaintnl an amorphoiw i>ow- 
der which must have contained much oxygen, (2) Troost ® 
patMed the vapor of ZrCU over heateil sodium or magnetiium and 
> Pm- Annabm, 4 117 (1834). *Compt reud. 41 liiS (ISM 
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(ilitaiiiwl II fiiirly piim rnoial in powdor form. (3) WoiHH and 
Neiiiriiiiiii ^ I ho oloni(»nt l)y r<»du(‘irig potiiBHinm fhio- 

2in*oni4ti* with Hocliinn in an iron hornh roniuining NaCIL Thoir 
|jrodii«i: roiitainod !t7 hH par otnit s^hTotuiun and whcai uac*d m 
i‘loftrofh*H in a vaoimm arc, thc‘ prncf ically fmrc metal wim ob¬ 
tained. By replacing the nodiuin with aluminium a cadicrcrit 
prodiicf flll.K inT cent |iur<* wan obtaincnl/^ (4) The anhydroiig 
clilciridc may be rcdinnal * in a vacuum with Hodium. (5) Tho 
oxide in pretty HiicccaMfnlly rf*<lu<»(*<l with magnc*Hium,^ or car- 
Imiii III till* high tt*mpcridur(» of the clc^ctric furnace/ or ciil- 
ciiiiri in iiii cvacuatr»d iron dimh.^ 

The rapid progrenH being much* in the dc^velopmcmt of the 
c’heiliiHlry of zircxuiitim lendH to the* prediction ’ that the metal 
ill fKiwdc^r form will noon hf» available in Hfanw^ornmercial c|Ui:in- 
titles lit a price of about $12 |M*r pound for matcTial 95 per 
cent pure. 

Properties. — Many confliiding atateinenta arc made in re¬ 
gard to the prof'K^rties of rarconium. This fact is easily under- 
sIckmI when it is rememlan-ed that the pure eliarierit has rarely 
if f!ver Imm prepared, and many Htatmnenta arr* baneil on the 
conduct of iilloya or mixturi^a. Formerly it wan ntated that the 
element rexists laitli in it crystalline and amorphous (or graphitic) 
condition, hut thia Hiiitemenf. m yet to lie firovcfn witli pur© 
iiiiiteriiiL Thr* purest rJrcoriitini is known ns a black iimorphoui 
powcIf»r, wliicli burns brilliiinfly when hf*ated to a high tempera- 
trire in Ihi? air. 41ie heat nf eomlaistiori is given m 195BJ 
calorii'‘8 p^r griiiri. It m oxidimi when fused witl'i iilkiili ni- 
triites, cfi.rlioiiati*« iirifl chlorates, but is only sHglitly iitiacked 
by aciiJii. Wfiiui the impure |K>wtler is iireHsifd into paicils 
and heiifeci in iiydrogeri at low prei^tirr*, the metal rradt^, form- 
irig siisd-iriiy dropn wliicli take ii high fiolish. The hardness 
of the coiiipiief irietal is still op!n to r|ueatioii, Moissari refmrt- 
iiig4 J, ^btrdiri ftiiit Iticli * f}.7, and others giving Vfiluiii n» high 

^Wmm mmi ZtiL mmf§, Ch^m, if *iia (ttlCI)i mm »lei §$M. §• 

12 : 11 1017r 

s llftpini «fi«l Jimr. Ind. mmi Mn§.- C4iwi. It ttHI 

ii«4 Zrni. mmrff. (lUHp. 

* Pliifwiii, f"w«|4 frfwi §1 

* Cmmpi IIS 1222 (1892). 

nV«iiclfBfi, ^maim Sit l*i« CHUXt 

^ If. II %tpppr, mnd Mm^ Jmf, iU ISI Ci» 2 l), 

^ aitti lOrli, ime mi. 
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as 7 or even 8 . The statement that it is hard enough to scratch 
quartz or rubies probably refers to material containing con¬ 
siderable carbide. Determinations of the melting point vary 
from 1530° (Burgess) to 2350° (Von Bolton); recent specific heat 
determinations vary from 0.0656, giving an atomic heat of 6.19, 
to 0.0804 corresponding to an atomic heat of 7.31, the highest 
atomic heat assigned to any substance. The metal has been 
reported both paramagnetic and diamagnetic. 

Zirconium burns readily in air, the powder form more readily 
than the compact form. The affinity for oxygen is so strong 
that zirconium will reduce the oxides of lead, copper, boron, 
titanium, and silicon. The oxide is very stable. Zirconium 
combines with hydrogen when heated below 700°, but at 800° 
the hydrogen is completely expelled; a nitride is formed when 
the metal is heated in the air or in ammonia, but this compound 
does not exist above 1000 °; it also forms a carbide, a silicide, 
and a boride by direct union of the elements; chlorine and 
bromine form tetrahalides and sulfur combines with the hot 
metal. Zirconium is slowly dissolved by hot HCl and H 2 SO 4 ; 
HNO3 has very slight action, it is rapidly oxidized by aqua 
regia, and hydrofluoric acid is its best solvent. The impure 
metal dissolves in alkaline solution with the evolution of hy¬ 
drogen, but the pure metal does not.^ Fused alkalies attack 
zirconium somewhat, while fused KNO3 reacts with it vigorously. 

The compounds of zirconium are frequently found to be radio¬ 
active, but this is probably due to the presence of related radio¬ 
active substances, especially thorium. 

Uses. — Up to the present, there have been few suggested 
uses for metallic zirconium. A form of pure metal which is 
malleable has recently been mentioned as possessing proper¬ 
ties making it an interesting substitute for platinum. But 
no definite annoimcements have been made. Formerly zir¬ 
conium filaments were used ^ to some extent in electric lamps, 
but they have not been successful, because of the difficulty in 
preparing the pure metal. The electrical conductivity, high 
fusion point, and high emissive power make such filaments very 
eflBicient. The marked affinity which zirconium has for oxy¬ 
gen has suggested its use as an eflScient reducing agent in the 

1 Wedekind and Lewis, Ann. 371 366 (1910). 

Zeit. angew. Ckem. 23 2065 (1910). 
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preparatifiri c)f nthiT inataLs; it aiunild aimr make* a viiluahk 

sea,veii0*r* 

The* prinrifKtl unas to whicli zimmium has Inaai put are* in 
itn ailoyn and in e‘i‘rta.iri c^f ifn aompouadH. I )<mhfthe* 
iiiOHf. pniniisiriK of (hast* alloys is forrozuTonium/ whic*li may 
he* inadi* In* radiicfioii of a. rnixtun* of ziream aud ireai ein* hi an 
furnart*; !iy fusion of a nuxturo «if zin?on, aa.st iroip limn, 
and !!iiorspa.r;" or hy the* roehadifin of (la* mi,\(*d oxidns with 
ahniiiiiiiiiii. Ah usually pn*p;ir<*d, fhoy rontain about 3()-dt) 
|>i*r zirconium, with sinal! auiounls cjf cMirhon, aluminiiiiri, 
nud I it allium UHuatly prcHmU, If a loW“(*arhon product is da- 
sirod, rahoatiim (ho ordinary forrozinauduui with TiO^i in rno 
omiiifualod.^ SfUiio of tlioso alloys an* n*HiHtartt ^ to oxidation 
iind rliaiiiicad I’orrosion, aricl an* sufni’iontly malloablr* and 
durlilf* fo pormit thoir usi* as filaiuonts in incaiidoHroui lamps. 
Aiiolht*r alloy rontaiuin^ 10 Id por (‘ 1 * 11 ! iron and 00 flO |H*r 
mit zirroniimp with a. littlo titanium fo in<*n*a.Ho toughiaw, in 
iwommondod for lamp filamc*nts, spark points^ and trans¬ 
former eleiiifuttH. Forrozireonium has bf»en usial as a sesav- 
onger in the |:)urifi«‘afion of stoid in the same* maim(*r m fr*rro- 
titanium, but it si'ems to have no aeivantage over the latter. 
Zirroiiiiim steol^ fins reeiaitly attraeted some attention. It 
is kiicnvn that just b(*fon* the outbreak eif the recauit war tin* 
KrtifipH ivere experimonf inii; with alloy steelH eoniaining a small 
iirrioiinf. of zinaadiim. Utese steels are said to be wa*Il a.dapti*d 
for use as armor plate and arriior-piereirig proJr*etileH ^ aral for 
high H|M*i»d tfiolsA During the exeitf*ment of the war period 
extraviignrit statfiiieiitu were madi* eoneernirig the effieiiuiey of 
zireoiiiiini stf«e! for uhi* in tna.king liglit armor pla.te. Later 
st.ildif*H ifidiriite flint as mueh as one |>er eeiif. of ztreoriiurri 
hits littlr* efliaU:, eitli(*r giaid or biul, Ufiori the profM*rties of 
Hlf*eL 

* p,tiM, iAmam-^7, mt. 

* !A S. Pnt miTl.OMT. \%m\ 4 liriU 

« th H, Pfit, IA fit Ami 

* f\ »s. Phl 

Hrliitia.r* e. (hd. Mtu, Urn. II. 2f> niilliP 

t\H. Pnin, I.4niriail; l,’tOU2a7, f)w. 27. aril; itml t,:i74.0>1«. Altril 

i, 11121. 

* Inm an#’, Mi%v 3, lilt?, th 1073. 

» MfVi. Hmi SH, pfrm, Jmm 2fl. IfllS. |i. m:i, 

K#iti% lliirriia *4 HtfluidiirflM. Ph^m. ttmi MH. Pm. if Hill (111221. 
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A s(>ri(*H of alloys of ziminitmi !uni nit-kol, froi* frotn irort atx! 
carbon, is called “ cooiMTite,” and diows some vnliial.l-- jireis- 
orticH for the i)rei)arafiou of enttiiiK tmils.' 'He- alloy may 
be cast and only a little urindintt is reiiuireil for fitiishiny. The 
tools are self-hardenin)i, so tui Ir-miHTinK is necdi-d, arai smeo 
the alloy has a high heat l■ot)^llletivily the toob are iinn>>i;dly 
effieitmi for high si>eeti work. 'I’he hardness is increased by 
increasing the amount ttf zirconiiiiii. An alloy containing 
2 -10 imr cent zirconium fakes a fine cutting edge, but if the zir¬ 
conium is increa.sed 1<» •‘tt) cent the alloy is very hard, but 
its melting point and tensile strength are lowenal. If luolyli- 
donum is added the melting jxiint is raised. Ziieomuiu alloys 
aro also serviceahle for inereasing the strength and resistanee to 
corrosion of brass and Itronze, since small rjuuufilieH aid in 
W'ciiring sound castings. 

Other zirconium alloys which have Isaui pirpnred and studied 
somewhat are thosi* with laihalt, aluminium, mngnesimn, and 
silver. Zirconium nfjparenlly forms no alloys with tin, kawl, or 
the metals of the alkali or alkaline eurfli groujis. 

The oxide has fsren uswl in a variety of ways and is at pnwnt 
by fur the most promising zirconium mati'riid from the stand¬ 
point of commercial applications. The profvrtiia* which make 
it especially valuahle arc its vi>ry high melting jsiint, its resist¬ 
ance to corrrwion even at high hunjicratumi, its low porosity, 
low heat conductivity, and the low cwfllcient of expansion. 
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temiKmtmen o! l4W-UKKf Cl Bc^th hcmting up and cooling 
off wore* done* nepidly. 

In addition tf» if.H urn* hb ontin* rc‘ffactory lirick, sorno mmmmn 
haB bci*n ac*cone|)liHhod %vith j^irccinia iih a coating for cjtlif*r ri»- 
fra,ctc»ry niutorialH. One* Mnrtin-Hic‘nianH furnace* waH tested ^ 
out ill l»luro|M* and gave* ('*xecdk*nt Hati«fiictiort for Hcwcn or edglii 
monthn, rf*prcHe*rifing a Having of 50 per c*cnt in tin* iiifiintc- 
nance* cont, though the^ initial eami wan high. 

Vf'Ty interesting resultH have* alsei lH*c»ri ohtaine*d with the line 
of xire*onia in e’ruedldes, nmfflf*B, anel othe*r high te*ini>erature 
iitfaiHilH. llie materia! in put* toge»ih{‘r with variouH hiride^ra, 
biic!i an gelatinoiiH Zr{Olf) 4 , Htnreh, phonphoriet aedd, glycerine, 
tar, borateH, <ir nilicafeH, de|K»ndirig on the* purpone* for which 
the iitiuiBilH are* tei be uhchI. Soiric*time*H magnesia and othe*r 
refractory materialH are* mixc*d with file* i'dreonia. d1ie*He* diHliea 
arc* driial for ae^veral elayn, tlieui fire»d ai 2(KH'f wheui 

a wari» in obtiiiri«*el which ik iiti|'M*rviouH tei moat licjiiielH and rev 
siiitiirii to many fiinion mixtures. On account of the* low tlir*r*- 
rniil coriduc*tivity the* wiiIIh are* maele* much thinne*r tiiiin wdien 
clay in iimi. It Ima be*e*n nheavn liy a<a*e*le*raic’el aedioti 
iislH tliat zireanua c»rucibleH at te*nifK*rature*H of riCM-f ICHKf <l 
withstand HUcccHaftilly the i*orroHive» action of iiciel nlagH eaaitain- 
irig rriiingiirioiiH and fe»rroiiH oxides, g!aH« of variotig kinda, and 
coliidi-nicke*! H}M‘iHH. HeHintariea* to i*firroHion m aoiiiewhat le«ii 
miirked in the of litharge*, Portland e*e*iiie*ntp etop|M*r oxkle% 
ferric? oxiele, or any haaic nlng. The i5ire*onia i« tiiiHuiieei for timi 
with iron milficies Hodiurn hyetroxide*, or carbonate, cryolite, 
fluorspar, or any c?harge yielding vii|Kir« of fluorine* or Itydro- 
fliioric acid. Bii«?h viifMirH catmc* the s^ireeoniii to «wc»Il iind tiiv 
cciiiie iipongy, while the* cauatic fimiona tire* iibiiorbi*d liy c?f4pil* 
liiry itttriic*tion which emmm the mfiteriiil to crack. Biiiilfiitit 
iimhmH also attack rircoiiiu. 

i^djcirutory nimnih of jsireoniii are aI»o i.ivitili.ible for im* m 
crticibits, coiiihiiHtieiii tiilieg, mnfles, pyrotttef4»r etc. 

The iiifpf »ri«iw ohatiicle to Ik* overeonie in the iiififiiiffictiiri:! 
of thin Hort e>f wiirc* ik the tendency to crack iit liigli teinp^rfi^ 
tiire«, dtif* high Hlirinkiigen The riio«i mtmm»fnl nitillitMl of 
civftrcotfiirtg lfiiiidt*f<*ct m to fiiiM* the* iriiiteriiit to ii Imrd, ciiiii|ti4ci 
niinti ill an arc fiiriiiice, thiui grind iip find riilx with ti iiiiiiilili? 

* L* llruifard, C%mn. Tr^ Jmr. :IH4 (Ittan 
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binder, and shape into the desired utensils. This process is said 
to give a porcelain-like ware which has very useful properties.^ 
The efiiciency of zirconia crucibles is increased by the addition 
of 1 or 2 per cent of alumina, thoria, or yttria,^ especially for 
use at temperatures 2000°-2400° C. Zirconia ware takes a 
polish well, but it is difficult to find a suitable glazing material. 
A mixture of feldspar, alumina, etc., is quite satisfactory. If 
fired at a sufficiently high temperature, the dishes are quite 
strong, and capable of withstanding a considerable blow. On 
account of the low coefficient of expansion the white hot ware 
may be safely thrust into cold water. It has the advantage 
also of being free from devitrification. 

Recently a brand of silica ware, known as siloxide,^^ has 
appeared on the market. It is quartz containing 0.5 to 1 per 
cent of zirconia with titania, which produces increased re¬ 
sistance to metallic oxides, especially the alkaline oxides. In 
addition the tensile strength of the ware is increased, and the 
tendency to devitrification decreased. 

The future of zirconia as refractory is still somewhat uncer¬ 
tain. It has highly desirable properties which would make it 
an ideal material for high temperatures, especially in the elec¬ 
tric furnaces. But unfortunately it has some properties which 
are fatal to its popularity. Accordingly, zirconia refractories 
are highly praised or vigorously condemned, depending on the 
viewpoint of the experimenter. The main problems yet to be 
solved are connected with cost and preparation of a purer material. 
The refractory should be practically free from iron, titania, and 
silica. The removal of iron by a method which will be both 
inexpensive and efficient is probably the most essential step in 
the development of this refractory ^ since iron acts as a flux. 
The successful counteraction of the high shrinkage would per¬ 
mit its use in situ and accordingly lower its cost and increase 
its usefulness enormously. 

Zirconium dioxide has been used for many years in connec¬ 
tion with the problems of artificial lighting because of the bril¬ 
liant light emitted when it is heated to incandescence. As 
early as 1830 an attempt was made to light the streets of Paris 

1 Bayer, Zeit. angem. Chem. 23 485 (1910); Podszus, zMd. 30 (I) 17 (1917); 
Weiss, Z&it. anorg. Chem. 65 220 (1910); Ruff, ibid. SB (1914). 

^Ruff and Lauschke, Zeit. anorg. Chem. 97 73 (1916). 

^ H. Rodd, Jour. JSoc. Chem. Ind. June 15 (1918). 
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l)y the* f>f inraiifl«‘Hr(‘nt ziminiii hulfcmH. Thi^ firnf- W<‘1 h- 
Iwh ixtm rnaiitlr* wan ruada lari^^aly of zircotiia, laii thiH 
rial Hfioii wa.H {'cunplotoly rc^plaaod hy thf»rin,, niraa* f]i<* litttf*r 
l 4 lo\v.s at a niiif'h lowia* fiaiiporaltiro. For a long fiino zirooriin,, 
has l«*oo iisofi to rr)iit thi* liino or niagrassia, in tla* Driiiti- 

iiicaid light, wlic’n* it has distirirt a.tlvnatag<‘ lH‘c*auso tin hril- 
liaairy aad tlio fnrf. that it d<»oH not, a-hsorb tairbori dioxido or 
iiatin! un* froai tlio air. /.inaaihi poririls givo a Hfiauika* 

light than oifiior liim* or tnagaosiu. Hurh poocilH havo bo<*n 
asiai for aiitoiiiohilo hratllighls, in (In* Bkh’iof lain|>H \vhirli urn* 
rJreoriiu rods laaatod fc> iiH'andoHrrnro. Nornst prc^poHcal t(^ 
UKf* rods of piiro Kiraonia C(H’ itiagnosia) in liis firnt uftornjit 
to o!)fnin a nioaiiH of ilhniiination by uh<* of tin* «*l<‘c*frin cnirrc‘nt, 
wliif’h would bf* vSU|M*rior to (In* carbort fllaifH*nt lanip, IdiOHc* 
oxi«i.f*H havt* I hr diHa<tvarita.gi* of rt*qiuring prrhiaa ting, niner* 
tlioy an* non-roialitrforH at fudinary b‘nip(*ratun*H, fmt. whnii 
liratial to abciiit IkdF’(hf*y liavc* tho ability to rondurt tdiadriaiiy 
at ordirairy voltngos. i^atia* la* arrangcnl a Hlmni airmiit with 
a plafiniiut spiral to olTra-t fla* (a-oliraJing, aral l,>y uning a mix- 
turn of fill* c^xidoH of /.irroniuni, fhoritmo yftriunputat HorrintirrioH 
mauni la^ olitaifird <|uirkrr ros|>onHi* and more* intrriMr* light. 
Thrw oxidr‘S arr rallod roiidurfeu’H of I lit* socaaid ordord that in, 
ihf*oxidrHarr artiially ionixrddho mrtal migrating tot la* rathodn 
and oxygon to Ihr amalo. 'Fla* gas os«‘npi*H, but (hr* rnotalH n*- 
raiiiibirtf* with fixygon nf t!ii» air as socai as thoy aro libanitod. 

ZifToniiiin oxifln finds iHnia*roiis otia*r applh»ations l'M*sidf*H 
its iisi*s as a rofrartory aia! in artifiriid lighting. In «*i»riinitrM it 
is an opmdfior sold imdor thr trade* nana* torrar/' wfiirh 
info oxiriisivf um* cliiring tha ^var as a rosnlt of ila* high «a>«t of 
sfariiiir oxiila, 'Hio pun* (*xi<k* is superior to stiinina oxido im 
all opiirifyirig agf*iii bnaatiso it is loss taisily rodiiorah w Iims 
vedatilf*, and |iriMiiioi*sarM*naiiif*l vvhioh is nairo rosistiirit to vogo- 
biblo aia! fruit laads. il-Vofiarod in various ways /arooriiii is 
iisial IIS II toilot fM»wdor, as a polishing powefor, ns a iriiitoriiil for 
iiiiiiiiifiirJairiitg siriiill olocU.rio furnnoos, nriri iiiidi*r flio l.ritilo 
iiitino ” kofitrast-iri '' it is iisod for dofiriing llio infos!iiios in 
X-riiy stialios of riig«*s(ion, Whon If* |S‘r oorit- JirClg is iiildfsl 
to poroolniri, tlit* stroiigth and ol«*otrti?iil rf.*siHtitricai itl liigli toiti- 
{jcrattire are itnprovea'l 

^ ZmL cim$rmh€m, $ 41 CISIMI). 
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Other eoini'KnirHlH '/ireeniuni have heeii iii iiiiiiiy way:*!. 
ViiricniH attemptn huvr* inu(!e to ani* zirniiiiiiiii nmtvrrd 

m fikinentH in el(H»trir laiiipH. Vlrtiillic* zJmaiiiiiii. iiliifli niii 
he ftiBCHl in tfu* eh^etrie hit in variia, given a Hafinfrirtury liglit, 
but the coHt IH vc»ry high. Zin'tmiiiiri itllayn, en|»«a*ial!y with 
iron, have 1 wm*u frita} hut. ininiieeeHi^liilly, Hir iiinnt iiriiiu- 
ming zireoniuni luiiterinl fca* thin in ilu* rariiiile, tt'liieh 

can l)e prepuret! witlaait liitfieiilty aial given an light, 

but it in uiiiilile t.u efaii|H‘te with lungHtrii 

Zireunium euiriiMiumk, Htieli an flie f»?ciilt% nilieiite, luinie ear- 
bunate, phuKpliate, ete., are uneftil an while fiigiueiitn nml fiairit. 
l)iiBes. They |KiHHc*Hn goral envcaiag |Ki%ver/ mix rcxailily with finirit 
vehicles, are permanent, iinafTeetecI by hyelregeri siilfitie, iiriils, 
or alkalies, luid hnv(* the lulviifitfige nf being mm^innrnmmm. 
Zirconium iiiatfu*ial in the form of the imiilr* iiritl nther iiimilu- 
! blc cornfwnmdH is incfirfiorafed with nibla^r^ k»fiire viileitiiixa- 

[ iion for the? dfitihle pur|a>si-* of nereleraliiig the xmhmimilmn 

I with sulfur imcl of giving a pnwiiiet of greiiter foiigliiiew iiiifl 

i tensile strength. 

! Zircmiitim silieate yields ii su|K*riiir spitrli plug ^ 

' which has high dielia’trie strength, griait iiieehunira’l sireiiitli^ 

: and is so indifferent to tei!i}M*ratiiri:» eliiirtges liiiit it niiiy Imi 

heiiKal In lIlCMf (*. and plungiai into ice wiiler %%dtlioiit devrlcif'iN. 
ing eritcks, 

Zireonimn baiic licetali*^ has n^si for weightiiig silk; 
several comianindii have \mm mtggmtml m nifirdiiiifu and in 
the prepariiticin of Inc dyes; tlii* nit rate km ta*rii eitiployetl na 
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of flip hydritlo, Zrfl^, tho Hc‘H<j[(iioxHl(S Zr^Oa, and tfie HUp(*r«- 
oxifiPH, Zr^O^ nri<l ZrC);i. 'rh(*.s{» corniHninds do rud:. form Hidf« 
of till* Hamo ami urn not wall (‘HtablislaHl. Hiiiei* zirno- 

niiim in didinilply amjdioi(‘ri<% it form.s two i^onorid of 

compoundH, the* zirooriitim Halts and /Jr<‘cmat4»s. TIh! 

normal /irronium salts, lik<» Zr( ’U, do not c^xist in watc*r solution 
since* tl icy arc easily hyeircelyzeal, giving; rise* to the* 7arconyl and 
basic zirconyl salts whicii (’ontuiri the hivale*nt radical ZrCb 
(’onscqucritly, com|Kainds of thiH<a*d(*r arc rma’c rimrn*roUH and 
more im{>ortani than the normal snlts. dlim’e* is free|mmtly a 
tendency for several zinaaiy! nidic'iils io comliine with one anion, 
forming n series of eomiaamds of incnaiHing lamieity. This 
iemlency is at times so pronomic‘ed that it Hf*emH imiioHsible 
to consider line iirodncts as (h^finite chc*mi(*al compounds. 
Hiich sithstanc(*s may Is* consideaasl as almortdion (^impounds 
in which the colloidal liydroxide lias atmen-hed tlie acid radical. 
Tliere is much confusion wdien attempts are made to represent 
tlif* (!omjKisifiori of the c*ompIex rJrconyl compoundH by cliemieiil 
formtite. 

In its compoimds, '/irconiiim resemldes titanium closely, Imt 
difTers from it in vahutce and the degree of aeddity of its liydroK** 
iile. Its greater basicity is also shown by flie formation of a 
iiitriite and ciirhonfitr*. The fluossircoriiites resianldi* nc^t only 
tl'M* eorresjsmding sidts of titanium hut also tJiose of silicon and 
tin. Its cfuridrivalence and basicity sugg«*st thorium and there 
is also li riwernblance Io the corn|S)imcls of gerinaiiittm. 

With hfiiirnf^rn lirceriiuia fertns the liivalerit mrii|Kitind Zrlfi by dinw*t 
iiiiioa of I III! eliffiicrits iit TUtf imil I.H atnioiphere iircssiire; nr by reilucirig 
iirmiila willi Imth hydmpm and magacsiurir It t« ii ioliil, rwwuuliliiig 
tliii tiydriilw of I lie alkali loid itlkaline inetiik nifire ckwely lliiiii tlic 
gtmmmn liyflridi^ of cwrlsin, silicon, iind gerrnaiilitrn. The eiwliiiicii of ii 
%mHim liydricle of girronliint biii Issia denieil.^ 


blit its enkleiwT m fifiiibtfiil;« ZrtOi m ftiriiMfd by biiriititg Ihti liydriilii in 
fttr; favoulflw, Zfdh ' XII-jO artfl ZHh * XlfjC), iir« fomitd by pw- 
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GROUP IV —ZIRCONIUM 


it is a fine white powder, insoluble in water, easily soluble in acids, but on 
heating to high temperatures it seems to undergo polymerization and is 
soluble only in concentrated sulfuric and hydrofluoric acids. 

Zr(GH) 4 , the normal hydroxide, is precipitated in the cold when an 
alkali hydroxide is added to the solution of a zirconyl salt. It is gelatinous, 
resembling Al(OH )3 both in appearance and behavior. It is insoluble in 
water, difficultly soluble in weak acids, readily soluble in strong mineral 
acids. When dried at ordinary temperatures it loses water continuously, 
but at 100° the definite compound ZrO(OH )2 is produced, which is un¬ 
changed up to 200°. When heated to 300° the material begins to glow, 
and at higher temperatures there are small explosions as it crumbles to a 
fine powder, Zr02. Zirconyl hydroxide, ZrO(OH) 2 , is also produced when 
an alkali is added to a zirconyl solution at a temperature of 85° or more. 
The hydroxide is almost insoluble in ammonia, but dissolves somewhat in 
KOH and better in NaOH. The compounds formed are zirconates, but 
these may be much more easily produced by fusion methods. Colloidal 
solutions are readily formed, in which the hydrosol is positively charged. 
The hydrogel has remarkable powers of absorption, as is shown by the fact 
that it drags down alkalies and retains them tenaciously, while it possesses 
the ability of removing the cuprammonium complex entirely from solution. 

With nitrogen zirconium unites directly, but less readily than does 
titanium. Several nitrides have been described, but the most definite, 
perhaps the only, compound formed is Zr 3 N 2 .^ This results also when 
zirconium is heated in an atmosphere of ammonia, or the compounds are 
reduced in the presence of air. It does not burn in oxygen or chlorine, but 
evolves ammonia when fused with potash. 

The nitrate may be obtained by adding HNOs to the hydroxide and 
allowing the mixture to stand over phosphorus pentoxide and sodium 
hydroxide. If the solution is evaporated, nitric acid is given off and a basic 
salt is deposited. Stable crystals of the formula Zr0(N08)2*2 H 2 O are 
formed, but these cannot be dehydrated. 

With fluorine zirconium forms ZrF 4 when the oxide is heated with am¬ 
monium fluoride or when the chloride is treated with hydrogen fluoride. 
At 60° its solution begins to suffer hydrolysis, but on evaporating a solution 
containing free HF, a deposit is obtained to which the formula ZrF 4 • 3 H 2 O 
was formerly applied. It has some properties of a salt of this composition, 
but its behavior seems to indicate a composition ZrOF 2 • 2 HF • 2 H 2 O .2 

Double fluorides are numerous and important. When a moderate 
amount of KF is added to a solution of ZrF 4 , the crystalline precipitate, 
potassium fluozirconate, K 2 ZrF 6 , is formed. It is also obtained by fusing 
zircon with KHF 2 ; it is used in the purification of zirconium, the prepara¬ 
tion of the element and its quantitative determination. Caesium, sodium, 
ammonium, lithium, thallium, magnesium, zinc, cadmium, manganese, 
nickel, and copper form similar fluozirconates. Double fluorides of the 
formulae KF • ZrF4 • H 2 O and 3 KF • ZrF 4 are also formed. 

1 Wedekind, Annalen, 395 149 (1913). 

2 E. Chauvenet, Compt. rend. 164 630, 727, 816, 864, 946 (1917), 
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With chlorine the tetrachloride ZrCU is formed in many ways such as: 
(1) heating the carbide with chlorine at 300°; (2) heating Zr02 to 800° 
in a stream of chlorine and carbon tetrachloride; (3) heating the metal 
in the presence of chlorine or hydrogen chloride; (4) passing a mixture of 
carbon monoxide and chlorine over Zr02, at 400°. ZrCU hydrolyzes easily, 
so it is known only in the anhydrous state. It fumes strongly in moist air 
and reacts vigorously with water, forming the soluble oxychloride, ZrOCb. 
It is a white crystalline solid which sublimes readily. In formation and 
behavior it strongly resembles the chlorides of the non-metallic elements. 
Addition products are formed with ammonia, organic bases, and phosphorus 
pentachloride. It also forms condensation products with esters, organic 
acids, phenols, etc. 

With carbon zirconium unites directly at high temperatures, forming 
ZrC- This compound may accordingly be prepared by heating zircon 
with carbon in an electric arc. It is a gray colored crystalline mass, hard 
enough to scratch glass but not rubies, and it is not decomposed by water 
even at red heat. In the latter fact the relatively slight electro-positiveness 
of zirconium is shown, since the carbides of the more active metals are 
readily decomposed by water, yielding hydrocarbons. 

No anhydrous carbonate has been prepared, but basic carbonates like 
ZrC 04 • Zr 02 • 8 H 2 O may be precipitated by adding Na 2 C 03 to the solution 
of a zirconium salt. The precipitates are soluble in excess of reagent, with 
the possible formation of double carbonates. 

Zirconium forms normal and basic acetates, a basic formate, and several 
oxalates and tartrates. 

With silicon there are formed the silicide ZrSi 2 , the natural silicate 
ZrSi 04 , and various complex silicates. Native zircon as well as certain 
other zirconium ores are quite strongly radioactive, and when heated they 
display luminescence and suffer a change in density and color.^ Zircon 
also shows 2 the property of triboluminescence. 

With sulfur a compound of the formula ZrS 2 is produced by the action 
of CS 2 on zirconia at red heat. It forms steel-gray crystals which are not 
decomposed by water nor most acids, but HNO3 oxidizes the zirconium 
and precipitates the sulfur. The zirconyl sulfide ZrOS is obtained when the 
anhydrous sulfate is heated to red heat in a stream of H 2 S. It is a bright 
yellow powder which ignites readily in the air. 

Neutral zirconium sulfate, Zr(S04)2, is prepared by heating zirconia 
with an excess of concentrated sulfuric acid arid then expelling the excess 
acid. This salt dissolves slowly in water with the evolution of heat, 
presumably forming a tetrahydrate, which may be obtained in crystalline 
form. The normal sulfate is easily hydrolyzed, yielding a solution with a 
strong acid reaction. Such a solution yields no precipitate or one that 
forms slowly when oxalic acid or ammonium oxalate is added, while both 
these reagents produce an immediate precipitate when added to most 
zirconium salts. On electrolysis of a sulfate solution zirconium concen- 

^ See Venable, Zirconium, Am. Chem. Soc. Monograph, p. 99 et seq. and also, 
Jour. Elisha Mitchdl Sci. Soc. 34 73 (1918). 

2 Karl, Compt. rend. 146 1104 (1908). 
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* IPwitor and Hioidof«, Jnur. .SVir, (‘hrm. imi, 40 70 d” (1021), 

® Hriiitli nnd Jmtr, Am. (fhrm, Htm, 42 1704 (1020). 





CHAPTER X 


GROUP IV —CERIUM AND THORIUM 

Cerium 

The element cerium is inseparably connected with the rare 
earth group, and it is generally customary to discuss it with 
the members of Group III. But it differs from the other rare 
earth elements in forming a well defined series of quadrivalent 
compounds, resembling thorium quite closely. Because of 
this relationship, as well as its greater abundance and commer¬ 
cial importance, it seems best to discuss certain phases of the 
chemistry of cerium with Group IV. The history, occurrence, 
extraction, and separations are discussed in Chapter VI. 

Purification. — Both cerium and thorium usually accompany 
the rare earths when these elements are extracted from their 
minerals. The separation of cerium from the other members 
of the rare earth group usually depends upon the fact that 
under the influence of oxidizing agents cerium forms quadriva¬ 
lent compounds in which it is much more feebly basic than 
in its trivalent state. Since thorium resembles the ceric com¬ 
pounds, it is concentrated along with the cerium. Several 
methods are used: (1) The solution of the mixed nitrates is 
poured into very dilute nitric acid when basic ceric nitrate precip¬ 
itates. (2) Addition of the required amount of potassium per¬ 
manganate to a nearly neutral solution causes the precipitation of 
the cerium. (3) Boiling a dilute solution of the nitrates precipi¬ 
tates the basic ceric nitrate; this method is especially effective 
in the presence of ammonium sulfate or magnesium acetate. 
(4) Boihng the nitrate solution, which is kept neutral by the pres¬ 
ence of marble, with KBrOs precipitates the basic nitrate very 
satisfactorily. (5) Separation may also be accomplished by 
passing a stream of chlorine into a suspension of the hydroxides 
in sodium hydroxide. The basic ceric hydroxide remains un¬ 
dissolved, while the other rare earths dissolve as chlorides. 
(6) The double aiximomum ceric nitrate is sparingly soluble 
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in riifric^ iicricl aii«i may ha praripitahal l)y adding NIIiNOi to 
a Hriliitifiii of liitnitaH canitaining rnuah free* nitria aaicl. 

'rhoriinii may Ih^ rannjVf^d from (•(‘ritirn matariiil hy praeipi- 
taiioii: fl) with an<l IxHling; (2) witli aoppar iiml cni« 

prciiiH oxida whan addad to a rjaarly ncnitral wdutiem of tlia hoil« 
irig fhloridoH ; and V4) with ammonium oxalata, afim- oxidimig 
tin* raroiiH HidtH to c*c*na. 

Ziraoiiiiim may h<‘ rc»movc‘<l hy fuHirjg ilu‘ (nxidc^H with KllPf 
and c»xlniciirip: m’ith wat«*r H<’iditi(Hl with HF, TIu* zirnonium 
dimolvoH, ffirmiiig K-ZrF^, hut both ca»rium and thorium f!uo- 
rhif^H urn iriHohihlf*. 

Metellur^... Mntailie caaniun wain firnt pn^pa-nai in powder 

form hy MoHiindrr, w1h> hontnd tho cdihH*id<‘ with Hodiurm The* 
yield ia |>ooi\ and the |)rodin*t eordaminatial with Hodiuni and 
wwliimi ohloridi*. lifaluetion of tin* t!tiori<lc* with ealnium or 
aluminium or of the oxide with inagneHium, aluniiniurn, ealeiiurp 
earhon, or «ilieori yii*ld.H eitli«*r an alloy or aoorripound of cerium. 
Tin* most suecesHful m(*tlm<lH of reduction are by electrolysis, 
Ililleliraiid and Norton ^ prc'parfnl conHiderahle quiintities of 
the medal hy eleetrolysiH of the chloride. This method hm 
l>r*en elala^rated hy a niimher of workers/-^ and much emnm pro- 
cluc*«*d in fids way. ’.Flccirolysm of thc! fuBcal fluoride or of the 
oxide* diHHoha*<I in tin* ftiHcd fluoride hm Imm aueecssfully tried ^ 
in Kiiro|M'*. 

The piirifi(»atiori rd cerium in Imst accomplislaHi according to 
Hirach by haining the amalgam and Hkiinming the impuriiic?» 
<ifT from file mirfacc* eif the molten mass, Thct mercury may 
then I'M* dwlilled awiiy by heating to a higher tern|K*ratiire in a 
vi.ic*uurti. 

Properties. ~ Pure cerium in a mcd;al whic^h in mnlleiible, 
ductile, and soft, enough to be cut with a knife*. It tttachiries 
fiiirly well, lait reqiiire« care to prevent buckling. It re«efiihle» 
8t4M:d ill iipiMMiranca*, takes a polish well, and Iiiw a density of 
6il2. It is II fair coridiicior of heat* but does not conduct tlici 
elec?tric ctirrerii well, its resistance ladng 7Lfi rnicro-otirrii fMir 
Cfuitinieter cube at ordiniiry tenifKiratures. It Is piiriirtitifiitilic, 

* dnmitrn. iSi Mill CIH7a) ; tit 4fSI ClHTfO. 

^ Hm* MMlIitaaiiti. fowl Anntthm, SI®' 2^11 

MtitliiiiMfifi «ri4 WriiW, ihM. SSI 'I C10041; llirwh* Jtmr. tmL «fi4 Mng, €hmi* 
% hmi Cllll I): 4 m iium i Tmm, Am. Hhrtnmhrm. Hm. » S7 f till t|,. 

^ Mtttlittiiiiia lififi Admim, SSS 110 C1W7). 
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its magnetic susceptibility at 18° being 15 X 10"® C. G. S. 
units per gram. According to Hirsch the specific heat over the 
interval 20°~100° is 0.05112, which corresponds to the unusually 
high value 7.17 for its atomic heat. Cerium is the only metal 
which has a greater molecular heat than aluminium, conse¬ 
quently it may be used to dissolve the skin of AI2O3 which forms 
on the surface of molten aluminium. The melting point is 
635° (Hirsch). In dry air cerium is fairly stable, but it tarnishes 
quite rapidly in moist air. Its surface may be protected by a 
coating of hard paraffin or wax. At 160° it takes fire and burns 
with greater brilliancy than magnesium, involving a large 
amount of heat. When scraped with a file or knife it emits 
sparks. It reacts only very slightly with cold water, but at 
the boiling temperature there is a slow evolution of hydrogen. 
Cerium burns vigorously in chlorine at 210°“215° and in bro¬ 
mine at 215°-220°. It combines directly with iodine, sulfur, 
selenium, tellurium, arsenic, antimony, nitrogen, and hydro¬ 
gen. Its affinity for oxygen is. strong enough to permit it to 
reduce both carbon monoxide and carbon dioxide. It decom¬ 
poses carbon tetrachloride, so pyrene is useless for extinguish¬ 
ing the burning metal. It is not attacked by concentrated 
sulfuric acid or sodium hydroxide; it is slowly dissolved by 
dilute solutions of hydrogen peroxide, ammonium chloride, or 
potassium chloride; it dissolves readily in both dilute and con¬ 
centrated nitric or hydrochloric acids and in dilute suKuric acid. 

Uses. — Pure metaUic cerium has no commercial uses, but 
its alloys are both interesting and capable of wide application. 
The most important of these is the alloy called misch metal, 
mixed metal, commercial cerium, or simply cerium.^' It is 
essentially a mixture of cerium, lanthanum, neodymium, and 
praseodymium, but as usually prepared it contains from 1-5 
per cent iron and very small amounts of other elements. The 
most abundant constituent is cerium, which sometimes runs as 
high as 70 per cent'or more, though generally it is about half of 
the mixture. The alloy is produced from the rare earth resi¬ 
dues of monazite sand. This naineral is used in large quanti¬ 
ties for the manufacture of incandescent gas mantles (see 
Thorium: Uses), which usually contain 99 per cent thoria and 
1 per cent ceria. The composition of "^rious monazites is 
shown in Table XXVI. 
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Table XXVI 


Composition^ of Some Monazite Sands showing Typical Analyses of 
Material from Different Sources 



Ceylon 

Nigeria 

India 

Brazil 

Caro¬ 
lina 2 

General 
Average 
BY H. S. 
Miner 

ThOj 

9.45-28.20 

3,20- 8.00 

10.22- 8.65 

6.06 

4.32 

5 

CeOs 

27.15-20.65 

36.53-30,50 

31.90] 




ba2037 1 

1 



61.11 

62.12 

34.32 

30 

r)i203, j 


29.59-21.63 

30.00-28.80 

28.00 J 


31.24 

30 

etc. J 

I 







Yttrium 1 

1 







Group 1 


3.93- 0.94 

0.39- 1.43 

0.46- 0.62 

0.80 

1.10 

2 

Oxides J 








Fe 203 

0.87- 1.13 

1.20- 0.81 

1.50- 1.09 

0.97 



AI2O3 

0.17- 0 . 29 ' 

0.10- 0.20 

0.17- 0.12 

0.10 


i 5 

CaO 

0.45- 0.10 

0.21- 0.17 

0.20- 0.13 

0.21 



SiOa 

1.67- 6.09 

0.63- 1.79 

0.90- 1.00 

0.75 

0.86 

J 

P2O5 

26.12-20.20 

28.29-28.16 

26.82- 50.26 

28.50 

29.30 

28 

Loss on 1 
Ignition J 

1 

0.48-none 

0.20- 0.21 

0.46- 0.45 

0.38 




From this table it is evident that all monazite contains much 
more ceria than thoria and since the mantle is mainly thoria a 
very large part of the ceria is not needed for mantle manu¬ 
facture. The residue which remains after removal of the thoria 
contains about 45 per cent Ce02,25 per cent La 203 , and 15 per 
cent didymia, the remainder being yttrium earths, samaria, 
etc. The residue represents 60-65 per cent of the original 
monazite. Since the total world's consumption of monazite 
has been estimated as being about 88,000 tons up to 1918, it 
is evident that the supply of cerium material has been very 
large. Some firms have stored enormous quantities of these 
rare earth salts, and others have thrown them away. The 
residues are transformed to the chlorides, which are carefully 
dehydrated to prevent the formation of basic salts. The 
purity of the chlorides is not important, but the phosphorus 
and sulfur content must be low, and iron and aluminium should 
not be present in more than small amounts. A mixture of the 

1 Analyses by Sf^ J. Johnstone, Jour. Soc. Chem. Ind. 33 56 (1914). 

2 J. H. Pratt, N. Car. Geol. Surv. Bull. 25, p. 27 (1916). 
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anhydrous chlorides with calcium, hariuTri, Hoditim, iKifaHHium, 
\ or ammonium halides is fused in an iron ptif and sidijcctetl fo 

1 electrolysis. If too mtich basic chloride is presetd, (lie metal 

< and chloride emulsify and prevent the aKf?lo!nenitioii of the 

metal. The misch metal collects in the bottom of the pot and 
is drawn off at intervals into molds. Prejiared in t his manacT, 
the metal resembles iron in appearance and contains from 1 to 
I 5 per cent iron, with small amounts of o.KideH and carbides. Its 

properties resemble those of («*rium very chwcly. Its nio.wt 
interesting property is its pyroi)horic nature if scratc-hed 
? with a file bright sparks are given off. 'riiesc? may be due cither 

I to the formation of a suptirficial layer of a Mub-oxifle * or to 

the breaking off of small particles which are ignitetl l»y the 
i heat of friction. The pyrophoric pro{HTfy is much increawai 

j by alloying with a hardening metal, such as iron, nickel, tnan- 

I ganese, tin, zinc, cobalt, and other metals. 

i The most widely used pyrophoric alloys contain iron,® which 

1 produces the spark-giving property when present in (plant ities 

varying from 10 to 65 per cent. Auer metal, which contHins 
35 per cent iron and 65 per cent misch metal, gives esjmcially 

I brilliant sparks and is widely used for cigar lighters, gas lighters, 

etc. During the war much use was made of pyrophoric 
alloys for firing mines, signaling, making tracer linnets, and 
shells for night firing, etc. The friction of the air eauw-s the 
I alloy to ignite and the path of the project iie is (*asily observed, 

j Very little misch metal is needed for gas lighters since if is esti¬ 

mated that 1 pound of Auer mrsfal will make 1300 IHtMt “fire 
stones,” each of which will give 2(K)0“6(X)0 ignitions. The war¬ 
time demand was very considerable, and after the siazure of 
the patents by the Alien Projairty (lushKlian and the issuing 
of permits to several fimis production was considerable. Xo 

I definite figures of production are available, but it is estimated 

that in 1919 between 2000 and 3000 pounds jter tTtonth were 
made in the United States.* litis ^imate is dotjbl less cotiserva- 
tive, because a single plant in l^osmlier, 10IR, was prislucing 100 
i pounds of misch metal daUy and was inslttlJing addit ioital e(piii»- 

; ment which would nearly double its capacity, 'fhe price of 

< Hirsch, Chan, amt M»t. 9 IS4» (m !>. 

•Hiwoh, Tntnt. 4m. Sl»etr«dmm, Ihi:. Wt JUW (UWi). 
j «H. C. Meyer, Sng. and Mia. Jour, iM 2.M QWI), 
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tin- fctrfM'fiium i.H tho highoHt of all ferro-alloys. Under 
Au.-lriaii patctifH in 1917 tlie price was ,$25 per pound, but 
duriiiK (h<‘ first half of 1919 it. wjih from $15-$18 per pound, 
and lafor in the year it droppc'd to ,$14 per pound. Misch 
metal sold for froin S7 SO per pound. 

1 he sitildea eliinitiaiioii of the (I(‘mand for military purposes 
Htiiiml.'iled th(‘ (‘fTorls to fiml other uses for misch metal. On ac- 
contif of il.s ext reiiie activity, cafKaiially toward oxygen, it is found 
to Ik- a powerful reducing agent, and iis such it is used for tho re¬ 
duction of some of the more ndractory oxides, such as those of 
zirconium, tantalum, and columbium. Its extensive use for 
this purpose would lx- largely controlled by cost. A small 
amount of the metal in [rowder form finds use as a component 
of flii.shlight powders, where it produces more intense action. 
Uec-eiif !y it hits been applied as a seavc-nger for cast iron with ex¬ 
ceedingly interesting results. Its ustifulnoss for this purpose 
<le|H-nds on the facts that its melting point is Ijolow that of iron 
anti that its affinity for oxygen is great enough to remove oxi¬ 
dized {)artieles, hut its action is not so intense as to be difficult 
of control. K.x|M>riment8 havti shown that tho addition of small 
amounts of c(!rium removtt oxygen thoroughly and increase 
the fluidity by keejiing tlu! imdal hot for a longer period. As a 
result, the (uisfing has a fin(!r structuns with more uniform dis¬ 
tribution of graphite-, gr(*at(!r seaindnesa, and it machines much 
la-tteT. Miscli met.'il melts at about 750° C. and is so active 
tlifit much of it is lost in aelding it to tlui molten iron. If the 
fe-rroceriuni i.s useel, its rne-lting point is still below that of iron 
anei its e-hernical activity is decreased so the loss is less. Tho 
alleey is Is-st adiliHl in granular form by sprinkling it into the 
streiitn of rnetu! iw it flows into the ladle. The granulation of 
misch mein! must la* accomplishetl undfir a hydraulic press, as 
attempts l<» pulverize it with a hammer will probably ignite it. 
The- ainemnf ne*eeh-e{ to purify cast iron is small. As little as 
0.05 (}.!(»j«*r ea-nt is sufficksnt if care and skill have been used 
in the fire-pamfiem of the charge. If as much as 0.50 per cent 
is itehlr-e!, mine of the* cesrium Bcems to remain in the casting. If 
Inrge'r atnemnis are* used, somes of the cerium remains in the iron 
88 an alloy, lent so far as is known it produces no beneficial re¬ 
sults. (’oiiseetiietidy, the? cerium is added in very small amounts, 
causing only slight increase in cost. 
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The addition of 0.2 per cent misch metal to aluminium has a 
very beneficial effect as a purifying agent, greatly increasing 
the ductility of the metal.^ The cerium is added by mixing 
its fluoride in the electrolytic bath while the aluminium is being 
prepared, or, better, misch metal is thoroughly incorporated 
with the molten aluminium. The alloys of aluminium with 
copper and magnesium also have increased ductility when 
cerium is added, but those with zinc do not appear to be in¬ 
fluenced. This is an important consideration since these alloys 
normally possess low ductility. 

The addition of cerium to brass is harmful, since it increases 
the number of leaky castings and lowers both tensile strength 
and ductility. Cerium forms many other alloys. Tin mixes with 
it in all proportions,^ forming pyrophoric alloys up to 80 per cent 
tin. The hardest and most pyrophoric alloy contains 30 per cent 
tin, and those with low tin content are not very stable in the air. 

Cerium and aluminium may be alloyed by heating the two 
metals together rapidly,3 though there is some difficulty in 
obtaining a uniform product. The alloys richest in cerium are 
pyrophoric, the others are not; those containing not more 
than 25 per cent aluminium are slowly attacked by water and 
the atmosphere, but the ones containing more than 25 per cent 
aluminium are remarkably stable. 

Magnesium alloys ^ readily with cerium, but uniformity is 
possible only by stirring or by repeating the fusion. The alloy 
containing equal molecular quantities of the metals has a hard¬ 
ness of 5, is strongly pyrophoric, burns violently on heating 
but is stable in the air at ordinary temperatures and is more 
resistant to acids than pure cerium. The alloys with magne¬ 
sium are extremely brittle; those containing 60-75 per cent 
cerium are easily powdered and make excellent flashlight pow¬ 
ders or reducing agents. Cerium alloys with both silicon and 
bismuth,® the union taking place at elevated temperatures 
with considerable vigor. 

Sodium and cerium unite quietly and form a hard alloy which 
is somewhat pyrophoric. It oxidizes in the air. 

1 Metal. Ind. 20 142 (1922), translation from MetaU und Erz, May 22 (1921). 

® Vogel, Zett. anorg. Chem. 72 319(1912). 

8 Vogel, iUd. 79 41 (1912-13). 

^ Vogel, ibid. 91 277 (1915). 

« Vogel, ibU. M 323 (1913-14). 
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Silver forms a hard, brittle alloy with cerium, but the gold 
alloy is fairly soft. 

Copper alloys are unstable if they contain more than 30 per 
cent cerium. The alloys containing 55 per cent cerium or more 
are pyrophoric. 

Calcium forms very hard white alloys with cerium. They 
are stable in the air and strongly pyrophoric. 

Other pyrophoric alloys are prepared by mixing the misch 
metal with titanium, boron, cadmium, lead, manganese, anti¬ 
mony, mercury, etc. Steam states that 200 tons of ceria are 
used annually in the manufacture of pyrophoric alloys. . 

Compounds of cerium and its relatives find numerous sug¬ 
gested uses. The pyrophoric metal known as kunheim 
is a mixture of the hydrides of the cerium earth metals with 
magnesium and aluminium. Cerium fluoride and titanofluoride 
have been used in the preparation of electrodes for the flaming 
arc light. By impregnating the carbon electrodes with the 
cerium salts a more intense light is obtained and the arc burns 
evenly and quietly. Steam declares ^ that 300 tons of ceria 
are used annually for this purpose. 

Cerium carbide and nitride have’ been tried as filaments for 
incandescent lamps.^ Pure cerium nitrate is used in the manu¬ 
facture of gas mantles. The reducing action of cerous com¬ 
pounds is used for producing a variegated effect in dyeing 
fabrics. The salts of cerium are used for making aniline black 
and as a base for the alizarin group of dyestuffs. 

The oxides have been suggested for use with tin compounds 
for weighting silk. In dyeing leather cerium compounds are 
good mordants. In the manufacture of glass the cerium earths 
are used as coloring agents, one per cent producing a clear 
yellow and larger amounts producing brown. The fluoride, 
dioxide, and silicofluoride have been used in the preparation of 
enamels. Ceric titanate produces a shining yellow color in 
porcelain, while the molybdate produces a bright blue, the 
tungstate a bluish green, and manganese ceric titanate an 
orange yellow. In photography the sulfate is sometimes used 
for removing silver from an overdeveloped negative and in 
the preparation of color photographs. In medicine the mixed 

1 Johnstone, Jowr. Soc. Chem. Ind. 37 373 (1918). 

2 Elect, Eng. 48 416 (1908). 
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oxalates have been suggested as a remedy for seamekneHs, 
epilepsy, and hysteria. Ceriutn plKuiolaie is a diHinffs-tant 
which is as efficient as phenol ami much less toxic.' “ (’cri- 
form ” is an antiseptic which is composed of certain ceric fiouhle 
sulfates. The sulfates may l«' u.sed as catalysts in thc« eonf.act 
process for sulfuric acid, and the chlorid(‘s when heated to Hoff- • 
480° C. are efficient catalysts in tin- Deacon j)roee,ss for manu¬ 
facturing chlorine. Cerium hydride and nit rich* (■.afjilyze the 
union of hydrogen and nitrogen in tlu; direct manufacture of 
ammonia, but no method has yc't been discovcM-ed for prevent¬ 
ing the mass from losing its activity. Cerium sulfate i.s found 
to have certain advantages over lead as an accumulator in stor¬ 
age batteries. Ceric oxide is an active (»xidizing .agent uwful 
in the manufacture of aldehydes, quinones, ete., from aromatic 
hydrocarbons. If these reactions are carried out in an elec¬ 
trolytic cell, the cerous sulfah* formed by the reaetirm is im¬ 
mediately reoxidized, and the process be<’onies «-ontim»Mi». 
The oxidizing power of ceric oxide is also iiwd in the combus¬ 
tion tube for ultimate organic analysis." 

None of these uses, however, seems destiiHsi t o create any win- 
siderable demand for the cerium group taatiiKamds. 'riiere is 
no concern about the supply of cerium sinw^ all that is iimal at 
the present time may Ihi considenal us a l>y-|>ri«luct. If the 
demand should exce(‘d this supply, min’h ci*riiuii ciailil lie ex¬ 
tracted from minerals lik(> allanite which are now’ imt used. 

Compounds. — Cerium forms two w«*ll rlefined sc*ries {if salta 
in which it is trivalent and quadrivjilent rcHjs'ctivcdy. In its 
trivalent condition cerium is more liasie than in its t|uudrivnlent 
state, hence, the cerous ailts are mor<t sfabk*, and nmre maner- 
ous. T?he cerous salts of colorless ackls are white, while the 
ceric salts are yellow, orange, or rt*d in cokir. f k'rous snlts are 
oxidized to ceric by lead iieroxide or bismuth fidroxide itt ni¬ 
tric acid solution; by ammonium isirsulfute or sialiiim bismu- 
thate in sulfuric acid solution; by electrolysis of the nitrate or 
sulfate in a strongly acid solution; by fKalimri hyjKiehlorife or 
by potassium permanganate in alkaline itohition. Ifydrrjgen 
peroxide in alkaline solution oxidizes cerous to ceric or |)er»!f*ric 
compounds. Because ceric chloride is so vewy umltihb oxkk- 

‘Ger. Pat. 214. TSZ (1909), 

‘ Denmitedt B«kk. Ber. 4« 357* (1013). 
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■fcion to the ceric condition cannot be carried out in hydrochloric 
^cid solution. 

Ceric compounds are reduced to cerousVery easily by such 
I'eagents as hydrogen peroxide in acid solution, sulfur dioxide, 
hydrochloric acid, oxalic acid, stannous chloride, ferrous sul¬ 
fate, etc. The transformation of ceric oxide to a cerous salt 
I'equires the presence of the desired acid and a reducing agent, 
since Ce02 is difficultly soluble in mineral acids. It may be 
accomplished by: (1) nitric acid and hydrogen peroxide; 
C2) hydroquinone and hydrochloric or sulfuric acids; (3) hy¬ 
drochloric acid and an alkali iodide. 

The cerous salts are derivatives of Ce 203 , which may be pre- 
p>ared by reducing Ce02 with hydrogen at 2000° C. and 150 
atmospheres pressure. Ignition of a cerous salt produces Ce02, 
oompletely in the air and partially in hydrogen or in a vacuum. 
The cerous salts resemble those of lanthanum and yttrium very 
olosely. For the characteristics of the individual compounds 
see pages 111-*113. 

The ceric salts are derivatives of Ce02, which is feebly basic. 
As a consequence they are considerably hydrolyzed in solution 
and give an acid reaction. Normal ceric salts of weak acids 
are unknown, and even the chloride and nitrate are known only 
as double or complex salts. Reduction to cerous compounds 
is easily done in acid solution, but much more difficult to accom- 
p>lish in alkaline media. Ceric compounds easily form colloi- 
cial solutions which do not appear to be basic salts of the 
ordinary type. 

A few of the more important ceric compounds are included 
in the following summary. 

Ceric oxide, Ce02,* is prepared by igniting cerium or any cerous or ceric 
salt of an oxy-acid. Its density depends upon the method of preparation. 
The color is the subject of much discussion.^ We would expect a white 
oxide like zifaonia and thoria. White oxides have been prepared, but 
Brauner has shown that such ceria contains impurities. As usually ob- 
“fcained ceria has a pale yellow color. It volatilizes without melting or de- 
oomposition at about 1900°. Besides being a weak base it shows slight 
ovidence of faintly acidic properties. While pure ceria is insoluble in 
laitric or hydrochloric acids, a mixture of rare earth oxides dissolves readily 

1 See Sterba, Compt. rend. 133 221 (1901) and Ann. Chim. Phya. 2 (viii) 193 
C1904); Wyrouboff and VerneuU, ibU. 9 356 (viii) (1906); Meyer, Zeit. anorg. 
CJ'hem. 37 378 (1903) ; Brauner, ibid. 34 207 (1903) ; Neish, Jour. Am. Chem. 
^oc. 31 517 (1909) ; Spencer, Trar^a. Chem. Soc. 107 1266 (1915). 



176 


GROUP IV—-CERIUM AND THORIUM 


provided the ceria does not exceed 45-50 per cent. The usual explanation 
of this peculiarity is that the ceric oxide is acidic to the more basic rare 
earth oxides and forms salts of the type M2O3 * 2 Ce 02 or 2 M2O3 * 3 Ce 02 * 
Deep blue crystals of the composition UO2 * 2 Ce 02 are obtained by ignit¬ 
ing a mixture of cerous and uranyl sulfates or by precipitating an aqueous 
solution of uranyl and cerous nitrates with ammonia or dilute potassium 
hydroxide. The so-called cero-ceric oxide, formed by reducing Ce 02 with 
hydrogen at red heat, to which the formula CeiOj is usually given, may 
be a cerous cerate of the formula Ce203 • 2 Ce02. 

Ceric hydroxide, Ce(OH)4, is not known. A hydrated oxide, probably 
Ce20(0H)6, forms as a yellow gelatinous precipitate when ammonia or an 
allcali hydroxide is added to a ceric salt. It may also be prepared by the 
oxidation of cerous hydroxide. It dissolves in nitric acid, forming a ceric 
salt, in sulfuric acid yielding a partially reduced product, and in hydro¬ 
chloric acid giving cerous chloride and chlorine. 

Ceric nitrate, Ce(N03) 4, is not known as a simple salt, but double nitrates 
of the type Ce(N03)4* 2 M'N 08 are formed with the alkali metals and 
ammonium. In aqueous solutions these salts are readily hydrolyzed, 
but they are the most stable ceric salts. The ammonium ceric nitrate 
is important in the purification of cerium. A series of double nitrates, 
M'(N03)2 • Ce(N03)4 • 8 H2O, is also formed, but they are less stable than 
the alkali double salts. When ceric hydroxide is evaporated with nitric 
acid, crystals of the basic salt 2 Ce 0 H(N 08)2 • 9 H2O are obtained. 

Ceric flitoride, CeF4 • H2O, is probably the only ceric halogen compound 
known in the solid form. It is a brown powder insoluble in water, prepared 
by adding hydrogen fluoride to ceric hydroxide. It readily forms double 
fluorides with the alkali metals and copper, cadmium, cobalt, nickel, and 
manganese. 

Ceric chloride, CeCU, is known only in solution. It is prepared by dis¬ 
solving ceric hydroxide in concentrated HCl, but the evolution of chlorine 
begins at once and proceeds rapidly if the solution is hot. It forms double 
chlorides with organic bases, such as pyridine, quinoline, and triethylamine. 

Basic ceric carbonates of varying composition are formed as a yellow 
gelatinous precipitate when an alkali carbonate is added to the solution of 
a ceric salt. Perceric potassium carbonate, 4 K2CO3 • Ce2(C03) • 12 H2O, 

is prepared by adding hydrogen peroxide to a mixture of ceric and potas¬ 
sium carbonates. If more H2O2 is added, aU the cerium is precipitated as 
an orange yellow precipitate. 

Ceric sulfate, 002(804)3, is prepared in the anhydrous condition when 
Ce 02 is heated on a sand bath with H2SO4. It is a deep yeUow crystal¬ 
line powder, soluble in water, somewhat hydrolyzed and on dilution or 
boiling a basic sulfate is formed. When heated in the air the normal 
sulfate begins to lose weight at 155 °, and at 300 ° it loses all its sulfur 
trioxide. 

Detection. — Very small quantities of cerium may be detected by adding 
the neutral solution to warm concentrated potassium carbonate solution 
and then adding a few drops of dilute hydrogen peroxide. A yellow color 
indicates cerium. 
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If II rii*iilnil .Hfiliit iitii lif II Niilt in to fin Jimrnoiiiiiiiil 

Kiiliitififi, tiii* f-oloriitioii vnni*#i from brown to hliw'k, flf!|tmcling on 

III* affitiilfif of 

An jiiriifioiiioi*iil Holiifpiit of i*orotiH tiirtritio in by nir or IIiOj, 

titmmg II yriinwi.Hii brown oolor. , 

XiiC 1f I iH iwlilnl to II c’olorioHH foroUH Hointion rod rorir hyrIr««iclo 
.4 ; tliin in wnrin IIC*b with tho evolution of otilorino. 

(‘rriiiiii fiiiiy 1 m‘ ilrli'iifrl if |tri*Hi*nt totho of {|.()2 nig. fior ^ 

ly llii* follott-'iiig : rtinkf* tin* wihitioti to bo towlod mligliily idkiilirio, 
iifid liltrr ii |iorfiott of tin* |ir<a'i|>ifiito { .M(irinhlo on fho tiif.or itii iirotin 
^rid f^'oiiilioii of brii/.iiltni*. A bright idiio roiomtion roriiiiri, if 

I'HiirTiiilly thoj^o of mniignnono, robidt, thnlliiiin, rntil 
diroriiiiiiiii an* ab^^'rit. C***riiiin fl«oridi% rnrbonnto, and bi?^uIfitto do not 
to till* 

(*i*roiw ?iliow no alMor{)fion linon, inif oorif Hnltn Hhmv a gorto- 
>iii iil»Hor|itioii toward tin* «*nd of tin* H|i«»rtrnm. d*hi* Mpiirk 

twn f'ontaiiw ii rsiiinbor of f»rtght litioM, I'Hporialh* in tin* grot»ii and blmi, 
Estimalioin. ■ In tin* ab«onro of ran* i*arlii iiMdnh^ noriimi iniiy bn 
^ri'oipitntnd iw tho liyiiroxido of oxidato and ignitod and waiglaal itH 
H'i*V4*riil vofiiii'ii*lrir riiijllio«|.H aro avnilablr: tl| in finnwn'a rrioiliod iltn 
ixitio in dimilvrd in IIC’I in tho |iri*Hf*nn* of KI, ami tin* liiiorutnd iodinn 
n*ing natimntnd wifli Xa'aH.^Cb| or IbiAatb. T\m mntbod rlooM not givn 
/rry «afi-4.*i*'tfiry rr-Hiilt?4 «in<*n tin* ofhnr ran* rartli oxidnw in tin* itrnannnn 
'if C*i4b will idwi lifw*rHti* ifidino, C'orin atdfrdn ia rodiiml fiy lf|0| 
ifid liio fa’roxnio di'torndnod by iiormanganiiio. Tim rnrotw «tlfc 

th«* |H*niiaiigannf.i* .slowly ao thn titration In finwlmd withmit dolity 
ind tin* fir^! i^nd |*oint lakon. f.’b C’orio ^idtf4 niav bo rndm’od by forrotu*! 
iiilfati* ami ftp-' n^tinnilod by |»onnafig'inati*. (-If t^nroiw aidiii tnay 

im oxiilijersl by forrii-yantdi* in nlkiilim* nohitioii, tin* primifnlaiii 

filfrrod off ami flio fi*rror-%'finhh* foriimd titrated with pnrnifingarnit4i in 
ni'irl Jiiilnfiofi, Ck'tinni oxafati* may bo diHHolvml in anlfiirio imtd ami 
I Ilf* liborati’d oxalir a*'id fifriitod with iiornianganafm.. 

Any motfioil dofmmhng on tho oxhlafion of oorona aidt« to rorio irt alkii-' 
lifii* wolntjon liy r«*i|iiiroa M|a*rial oari* borauao of ihn oxidiilbn 

tif liydroxitlo tty I hi* iiir* 

1*110111 DM 

lliitork*!. .In IMI7 fli*r^a*hm4 biimd wind Im atipiawd tfi bo « mw 

onrtli ii4 tiii* ffiiia*rai ^adoiniiti* and .HJiggowtoil bir if. flio nmw* ** Ihnria ** 
fpiifi Thor, *oii of Odiio .'4iairitiliiii%diin god «#f war. In IH2I tin b«Tiiits« 
fitat fhi4 ip’ir*^arfli waw a bii^w |dio»|thafo of yttfiiiiri. In IM'IH 
lio wii/f thr iif»w* known iw tbofit.o and ^Iwrovwrotl » now 

wjtb ^iiggmdiyo of i.||o forfm*r timm, Ho In* irftii.%fi*rr«l 

fb* and ^lowod tin* fo nirroiim. fii IHAt Ibrgiiiiiitft 

iii4fi«oifir» d ill*’' of Ii now idoinoid niiliol ilotiiiriiiift friiiii llto 

tiiiii* rat oraiigin*; in IH<i2 lliihrdwaogorod waminnn fml laitli iy*mn4mmntlm 
brtvo Iw-rii to l«* idi-fitmitl wtfh fhornim, 

^ Jamr. .%c. Viirm. !mi, If III A f Hrjl). 
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The homogeneity of the elonu-nt has been <iticHtiorif.l s..v.T:.nirn..s. 
The most notable ease was in 1001, when Baskerville :inn.mn.-,-i l!ml l>v 
the fractional distillation of thorium ohloride lit* had iwi lit 

elements, berzelium and carolinium. His condusiem Iihh n<»l nut 
firmed 1 and thorium is now reganhnl as a distmt-t chumral iso¬ 

topic with ionium, radiothorium, <‘tc. No particular attuifion wiih pm4 
to the element until Auer von WVIshadi devkd i\w lucanilrNciait ii:ih 
mantle in 1885 . At that time the only notirees of tliorium known wrTi' llii* 
rare earth minerals, which were too rare to .snriply any fT»iidderiihlc roiii- 
mercial demand. A geological survew was eonriuefetl, ht»wi‘\er, aipl 
tensive deposits of monazite sand became available. 

Occurrence. — Thorium fonuH u rnn’ niliruJcs known m tho¬ 
rite, which resembles zircon closely. It is UHUally a hliii‘k hy¬ 
drated mineral, but is sornetini(‘s clear witli an orani^i'-yellfiw 
color, when it is known as th(» gcan orangito. It cordaiiiH iilioiit 
60 per cent thoria associat(‘d with the* silicatcH of uriiiiiiiiib* 
iron, manganese, copper, magru^sium, lc»ad, tin, ahiniiniiini, 
sodium, and potassium. Thorianite is another nire mineral 
which contains about 80 per ccuit thoria, aHHociated with tlie 
oxides of the rare earth metals and uninitinn It is found chiefly 
in Ceylon, where the mineral was diseovenHi in IfHIL The 
following year nine tons of this mineral we*re iwocluced, littf ihit 
supply is uncertain, and so it is not an importarii scairee nf tho¬ 
rium. The thoria is easily extract<‘(I, howeveri iirid when tho- 
ranite is available it commands a high priee. In HMB it iold 
at prices up to £1700 per ton. Thorium also occniri in viirjdiig 
quantities in most of the rare earth minerals, esfxwially moiia* 
zite, gadolinite, euxenite, and samarskite. It ii found in im^m 
in many of the common minerals, and in mtiny igriecjiis and 
sjedimentary rocks. 

The principal supply of thoria is obtained from mofiiiiite 
sands, which are found in Brazil, India, the (Jarolinfin, Idatio,* 
and in many other localities. Monazite is ess(*iiiifiJIy fi filto#- 
phate of the cerium earths which contains varying ititiciiiirtfi 
of thorium as an accessory constituent. Origiiwilly it is it «ifs- 
stituent in pegmatites, granites, and gntisiii*s, in which it. otatiirs 

isee Baskerville, Jour, Am, Chmn, it 701 IWlIh Si M 

(1904); Ber. 38 1444 (1905); Bmuw^r, Prm, Chmn, Hm, It ^7 Clllllll ; 
and Gumperz, Ber. 38 S17 (1905) ; Elmrhuttk iM, SiS. 

2 For a study of the Th-0 oontetit of irdrterak MeyiT. tHilik dkid, WmM. 
Wim, 128 (2a) 897 (1919); 0. A. 18 1858 (1921). 

^ See U. 8. Geol. Surv. Min, Bmmrcm for IW, p. mn; 8. ClwL mm. 

Bi4f. 430 (1910). 
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in l(Ki sfiiitll for i^nrninnreial u«c*, Th(^ wcmthoring of 

tliosf* rorkH fc^llnwod by fht* wiitor c.oncc’ntratioii, so 

tbal till* oiiiy oi«iiriit*rc*in! ilofKmitH are along th(^ rivc^r ImhIh or^ 
ii|ioii tlie !ii»ac»IioHj where it in aHHOoiab^cl with other hc^avy 

Till'* flfpoHil.H in Bni/JI iirc» un the Hc^anhore and along the river 
liotfoiiiH ef thf* inlerif»r. 11i<‘ lattc*r an* expcaiHivc! to work on 
iwa‘oiiiil of tlie low inonayate (‘<aitent Oihoiit OM p(u* e.(*nt) and 
tlie difllriiltieH of tranH|>ortation. ''Hk* b(*aeh Handn lniiva ac- 
eordifigl}^ i^iippiic»d nioi^t at the mat(*rinl whicli han Ixani ex¬ 
port cal For iiiaiiy yf*arH thcM* (h^poHiia Hiipplic^d a very larger 
purl of file worhrH fhoria. 

"fhe* depcmitii| in India, an* (dnofly ori the* H(*a.ca)aHt of Travan- 
eon*. Thf^y oovi*r a known arc'*a of 1427 and in aorne 

plac*c*ii the tlef'iosit k nc*arly 20 fc*f*t d(‘c»p. 'Flu* mona^iite in 
«ight wa« cirigirially eHiimatc*d at 1,770,OIK) tooH^ hut recent Bur- 
v«*y« tliiii l.hin entimatc* is much t^jo HrnalL '“Fhc* par 

eimt of tlioria is nearly douldc* that of tin* Bra^sil rninenui (»ae 
Table XXVI, page lfi9)» nnd sinc'c* labor is vc‘ry cheap, the cost 
of production m low. 

Tlu* (’arolina defMmilH an* along tin* riven* beds ami are cov¬ 
ens! liy iibouf I ff*et of earth. Ida* dc*poHitH vary from 1 to 10 
fc*ei in tliieknesH.* For H<»veral years eorwidc^rabk^ nionavate 
was obtained from th<»se tlepcmits, but the diffundty of ntining, 
the low thoria c*onlent, and kc‘(»n com{M»titi(m has almost wholly 
eliminnied the Amcaiean supply from the* world’s market. Ef¬ 
forts have reeeiitly been made* to dc*vc»lop the deposit at Pablo 
Bf»aeh, Floridio 

In |ircm{K»et.irig for mofia^ite it is custcanary to ctoncamtrnte 
the Mitnd by piiriniiig its in a seandi for gold. The* mona/Jle is 
heavy and Inis a yidloiv or brown eador (rarely ahnost Idack) 
and a peeiiliar llie pn^senee* of <*ertairi ra.rc! earth ele- 

fiieaits ifiiike*« ii<*eiirat4! field diagnosis imssildet by the uiie:i of a 
liitfid M{s*etrosec^jM*. If the eoncentrat-ed Hand is sfin^ad out on a 
piece* of pats*r or ii elotli and itxiimined by the sfs*ctro8ec>iMi with 
iiiiftiiiil light failing directly on the sand, a broad line ii ol>- 
»*rved ludweini the yellow iind red and a narrower line in th© 
green. Tfif»«* itlmnrpliori lint*s an^ probaldy due to the precunei 
of nemlyiiiiiiiii and erliiiitii. 

* ftiM J. IL Pralt, Bcammk Pmpmft N<i. W, M. C’&relliiii CloiL Siirv* 




180 


GROUP IV —CERIUM AND THORIUM 


The mining of monazite is accomplished by open mines, 
usually of the simplest sort. The first steps in purification are 
taken before shipment is made, and they depend on washing 
out the lighter grains of silica, magnetite, ilmenite, zircon, and 
garnet and leaving the heavier monazite behind. Such methods 
of concentration are wasteful, but pretty satisfactory results 
are obtained by sizing the gravel before sluicing. More refined 
methods of concentration are now generally used, such as the 
shaking tables of the Wilfley type, used in Brazil, and dry blow¬ 
ing, used in India. The final and most efficient means of con¬ 
centration is by the use of electromagnetic separators. These 
separate the other minerals from monazite and to some extent 
from each other by means of the differences in magnetic per¬ 
meability. As usually carried out the partially refined mona¬ 
zite is dried and carefully sized and subjected to electromagnets 
of increasing intensity. These remove in order (1) magnetite, 
(2) hematite and ilmenite, (3) garnet, platinum, epidote, apa¬ 
tite, olivine, and tourmaline, (4) coarse monazite with small 
amounts of zircon, rutile, epidote, etc., (5) fine monazite. The 
non-magnetic residues, containing gold, zircon, rutile, quartz, 
feldspar, etc., may be separated by means of an oscillating 
table. 

Attempts have been made to utilize the by-products but 
without marked success. The ilmenite finds difficulty in com¬ 
peting with the native ore. The garnets are small, with rounded 
corners, and so of no value as abrasives. A small quantity of 
garnet of larger particles has been broken and used as abrasive. 
The gold has been recovered at a profit even when present in 
so small an amount as 1| cents per ton of the original gravel. 

The world's consumption of monazite is estimated at about 
3000 tons per year. Three-fourths of the world's supply of 
monazite in 1915 came from India, and since this ore contains 
a higher per cent of thoria, this corresponds to 90 per cent of the 
thorium production. This is used for its thorium content, which 
determines the price of the mineral. During 1920 monazite sand 
with a guaranteed minimum of 6 per cent Th 02 ranged in price 
from $25 to $30 per unit,^ duty paid. Thorium nitrate sold 
wholesale for $3.75 to $4 per pound. ' 

* A unit means one per cent per ton. Thus, six per cent sand at $27 per 
unit would cost $162 per ton. 
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Table XXVII 

World/s Production of Monazite Sand in Metric Tom 



Brazil 

United States 

India 

Ceylon 

1909 

6,359 

242 

None 

_ 

1910 

5,345 

44.3 

None 

— 

1911 

,3,627 

1.6 

819 

— 

1912 

3,344 

0.6 

1,135 

— 

1913 

1,415 

None 

1,234 • 

— 

1914 

599 

None 

1,185 

— 

1915 

439 

16.1 

1,108 

— 

1916 

None 

16.5 

1,292 

— 

1917 

1,136 

34.7 

1,940 

— 

1918 

499 

No data 

2,117 

20 

1919 

146 

No data 

2,023 

40 

1920 

1,153 

No data 

1,667 

70 

1921 

— 

No data 

Ca 1,600 

Ca 70 


From monazite residues mesothorium is extracted, and a small 
amount of misch metal is prepared. 

Extraction. — From thorite and thorianite tjie extraction of 
thoria is easily accomplished. The minerals are easily dissolved 
in hydrochloric or sulfuric acid (nitric acid may be used for 
thorianite) and the solution evaporated to expel excess acid and 
dehydrate the silica. The residue is extracted with water, and 
the solution saturated with hydrogen sulfide to remove heavy 
metals. Separation from the rare earth metals may be accom¬ 
plished by the carbonate, sulfate, or oxalate methods. 

From monazite the extraction is difficult because of the 
small amount of thoria and the large quantities of elements 
with similar properties. Many methods are available in the 
laboratory which would be too expensive for factory use. The 
methods actually used are carefully guarded secrets and doubt¬ 
less differ in accordance with the type of ore used. The follow¬ 
ing may be considered as typical. The ore is ground, if it con¬ 
tains large grains, and added gradually to twice its .weight of 
hot concentrated sulfuric acid in cast iron pans. Heating is 
continued xmtil the monazite grains have entirely disappeared. 
Then the mass is poured slowly into cold water, and sihca, rutile, 
zircon, etc., filtered out. The solution contains sufficient acid 
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to prevent the precipitation of the sparingly soluble earth phos¬ 
phates. If ammonia or magnesia is added, or if the solution is 
largely diluted, the thorium phosphate is precipitated since it 
is more sparingly soluble than the rare earth phosphates. The 
removal of the phosphoric acid may be accomplished by dis¬ 
solving the mixed phosphates in HCl and precipitating thorium 
oxalate with oxalic acid. A less expensive method is to digest the 
phosphate with soda ash and precipitate Th(OH )4 with sodium 
hydroxide. The phosphorus must be completely removed since 
phosphates cause the mantles to be exceedingly brittle. Not 
more than 0.0004 per cent of P 2 O 5 is generally permitted. 

From the sulfuric acid solution, thorium may also be ob¬ 
tained by precipitation with sodium fluosilicate, sodium hypo- 
phosphate,^ or sodium pyrophosphate.^ An ingenious method 
for removing the phosphorus has been proposed by Basker- 
ville ® and used on a large scale. It consists in heating in an 
electric furnace a mixture of monazite, coke, lime, and feld¬ 
spar. The phosphorus is distilled out and the mass allowed to 
cool. When extracted with water, acetylene is evolved from 
the calcium carbide formed during the heating, and the re¬ 
mainder crumbles to a fine powder. This is dissolved in 
hydrochloric acid, and the cerium earths removed. 

Separation. — The separation of thorium from the rare earth 
metals with which it is still mixed may be accomplished by 
three methods: ( 1 ) the carbonate separation depends on the fact 
that thorium carbonate is much more soluble in sodium car¬ 
bonate than the carbonates of the rare earth metals; ( 2 ) by 
the fractional crystallization of the mixed sulfates at 15®~20°, 
crystals of Th( 804)2 • 8 H 2 O are obtained at the insoluble end of 
the series; (3) thorium oxalate forms a soluble double salt 
with ammonium oxalate, while the rare earth oxalaJ^'ari al¬ 
most insoluble in this reagent. Some other methods which 
have been suggested are fractionation of the chromates,^ of 
the hydrogen alkyl sulfates,® of the acetates, by the use of 
sebacic acid ® and hydrogen peroxide. 

1 See Eos^olieim, Chem. Ztg, 36 821 (1912); Wirth, Zeit. angm. Chem* M 
1678 (1912); Koss, Chm^. Ztg. 36 686 (1912). 

2 CarBey and OampbeU, Jour, Am. Chem, Soc, 36 1134 (1914). 

* Eighth InteTnatioiml Congress of AppEed Chem. 2 17 (1912). 

‘^Mnthmanii and Banr, B^. 33 1766, 2028* (1900). 

6 283,023 (1911). r^er. Pest. 266;469 (1012). 
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For t!io of ^a,H nuintlc^H very puro thorium ni- 

tnitf* in rr‘cjtiin*ch nifua* thc‘ pr{*Hcu(*c‘ of mor(‘ tlian very nliglit 
of oilier oxid<‘H pjrtnifly reduc'en tlie eaucll(‘ power of the 
light. Ah :iii irMfi(‘ation of the cdfieiiuiey of ih(* (‘Xtraction and 
piirificuition miiliodH it is worthy of note* that bcitwec'.n 80 
and !MI fier eeaif of the ilioria pr<*H(*nt in the* moruo5it(^ is ole- 
taiiical in the* form of the nitrate* of sufR(n{‘nt purity for miiritle 
iiianiifaetiin^ 

(onsidenilili* tlmrium nitrate* is ohtainc*d from faetory trim- 
iiiiitgH and weirn-emt rtianfleH. Usually tliis matc^rial is pul- 
verizech sii*ved, dissolved in sulfurie aeid, eonve*rted to the ni¬ 
tride and UKial again in niakinK up the liglding fluids. 

Metallur^. Hie high medting poird. of thorium, its chemi- 
eal aetivity toward hydrogfui, oxyg(*rn nitrogen, and earboHy 
and its foiidraw for alloying with nadals make its metallurgy 
particularly fliffieiili. The* medal has not yet l)CH*n obtained 
in a |>iirc* state. 

Ber7*eliiis attemptial in 1829 to riHluce the* double* chloride, 
2 KCd-Tlidir with sodium or potassium, but- failed to get com¬ 
plete reihitdiom Mitgne^sium only {mrtially redu(a*s ThOg, 
while nilieoii yiedds a silicdde, carbon gives a eaudddc*, and alu¬ 
minium producers an alloy. By eleed.rolysis an impure! meftal 
is olrtiiined wliicdt always eaudaiiis oxide and oth(*r impuritms* 
Probably the* be»si. results have! b«*en tibtaine*d liy re*du(!ing care¬ 
fully pre*parcal iinhydroiiH thorium eddoride with sodium in a 
s<*i4!efi By tliis method M'oissan and Uelnigschmidt * 

prepared t.lic* rrie*t;nl whiedi contiiined only 3 |M*r cent of the oxide, 
arid von Bolton obtiiini*d a product whieii lie* ediiiins was free 
from oxide. Thortiim has also lM!e*ri proeluced by passing soditim 
viifMir with siiedi volatile thorium eonifsamds $m the aeetyl- 
fici»t#iiiile tlirotigh a red*hot tiil'K!,* 

Pro^rties. As ordinnrily pre|>ared, thorium is a dark gray 
fsiwcler eaifisistiiig of shining mieroscopic pliites. It may be 
liiiifiriif*fed or rofleil into the coherfutt form, when it rf!Hi*fiibles 
pliitiiiiiiii in iip|a*itrariei% hiirdm?m«, and dyetility. The {siwder 
him II density of ILIFIU, and the coherent of 12.111. 
The tiielal i» tiiitipetie, having a iusceptibility of +CI.18 X 19' \ 

» dmm. eMm, Pkm> i <1W. 

*fi#, MhMrmMm. 14 7m (llltao. 

* Hlfftittiw Will IWikei, Ocf. F«l. iiia.isa C 
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its value rising rapidly with incrcus(‘<l ((‘iniKTaturf (o dOO". 
According to von Bolton the melting pomf is M'tO'’. The 
specific heat is 0.02787 at ordinary ferniH-rafures. 'riie fine 
powder ignites when rubbed or eru,shed in tlie air and thi* ribbon 
burns briUiantly just below rod heat, giving off a .shower of 
sparks and forming the oxide. It.s lieat of eombu.st ion is mim 
calories. At a temperature around •boO'’ it biinw brilliantly in 
chlorine, bromine, iodin(>, and .sulfur; at about (>.'»<)’if eom- 
bines directly with either hydrogen or nit rogen. ('oneenl rated 
hydrochloric acid and aqua regia dissoKv the metal rai>i<l!y, 
but sulfuric, hydrofluoric, and dilute hydroehlorie acids attack 
it slowly. When finst irnmerseil in nitric acid it is dis.solved very 
rapidly, but the metal i.s soon riuidered pa-ssive and the iwtion 
stops. The alkalies do not attack it. It i.s slightly more idee- 
tropositive than magnesium, and alloys readily witli .such metals 
as aluminium, copper, nickel, zirconiuin, and tungsten. 

Thorium is strongly radioactive. 

Uses. — Alloys of tungsten and thorium are used for making 
the filaments of incandescent elect ric lumps. Whim tungsten 
alone is used, much difficulty is encounteri>d hecause after short 
use the metal becomes crystalline and vajairizes, resulting in 
blackening of the bulb. The filaineMt lM>eonies hartl and brittle 
and frequently breaks. This tendency to erysl idlisa* may largely 
be overcome by alloying tungstmi with thorium and other rare 
earth metals. Sometimes tungstic- oxide is mixed with b 4 jxir 
cent thoria,* pressed into rods, and n-dueed by hydrogc*n at 
red heat. Another process mixes 7 per cc-nt thorium tung¬ 
state with finely divided metallie t ungsten and an organic bind¬ 
ing material® and produces the filament by a scjuirliiig pnwam 
Filaments are also made by mixing colloidal fuJtgKten with 
thorium. These alloy filaments are said to la- exa-etiiugiy 
ductile, even in the cold, and have the alnlity to resist cryatalU* 
zation during long use. The func-tion of the thorium in these 
filaments has not as yet fieen definitely established. It k pos¬ 
sible that ThOj forms a solid solution with the t lUfgsten,* 

An alloy consisting of tungsten eontainifig from 0.5 to 10 
per cent of thorium is used as the cathcMh- of an (‘lectrical dis¬ 
charge apparatus devised by Ijangrauir. It is said to give aa 

» Eng. Pefy. 6026 and 8768 (1912). »Fruneh Piil. 447,584. 

WedaMnd, Edd Erd$n umd Erne, IIIU (tWMh 
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electron emission at 1300°~1380° A. which is equal to that given 
by pure tungsten electrode at 2000° A. 

Thorium salts have a, bactericidal and antitoxic action, as 
is shown by experiments with guinea pigs. Ten pigs which 
had received twice the lethal dose of cholera survived when 
treated with thorium or lanthanum salts, while the control 
pigs not so treated died within 30-36 hours.^ A solution con¬ 
taining 0.5-1.0 gram of thorium sulfate per liter is as toxic to 
lower organisms and ferments as mercuric chloride.^ 

The compounds of thorium find extensive use on account of 
their radioactive nature. 

Thoria has been used successfully as a catalyst in the syn¬ 
thesis of many organic compounds. Thus both symmetrical 
and unsymmetrical ketones may be prepared directly from 
monocarboxylic acids; ^ alcohols are converted into ethers or 
olefines according to the temperature employed; benzyl alco¬ 
hol forms esters with formic, acetic, propionic, isobutyric, and 
benzoic acids; and ammonia and alcohols passed over thoria at 
360® yield olefines and primary amines.^ 

Small pencils of thoria containing about 1 per cent of ceria 
become brilliantly incandescent when heated to a moderate 
temperature. Such lamps are finding considerable use wherever 
the electric current is not available, for searchlights, automobile 
headlights, and projection lanterns for moving pictures. 

Numerous patents ^ have been issued for the use of thorium 
chromate, thorium tungstate, and other salts in the preparation 
of magnesium flashlight powders. It is claimed that such 
powders evolve less smoke than those which consist of magne¬ 
sium alone. 

The only important commercial use of thorium, however, is 
in the manufacture of incandescent gas mantles. This industry 
had a very modest beginning in 1884 when Welsbach patented 
the use of a fibrous network of rare earth oxides which were to 
be heated by an ordinary gas flame of the Bunsen type. The 
first mantles were composed of a mixture of zirconia, lanthana, 

^ Compt. rend. 169 410 (1914). 

2 Ibid. 143 690 (1906). 

3 Sendereas, ibid. 148 927 (1909); Koehler, Bull. Soc. Chim. 16 647 
(1914). 

4 Made, Chem.Zeit. 34 1173 (1911). 

^French Pats. 14,692 (1908) and 403,722 (1909); Fng. Pat. 27.267 (1904). 
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and yttria. These were not successful because they were very 
fragile and possessed low powers of illumination. In 1886 
thoria alone or with a small per cent of rare earth oxides gave 

better results, but not until 
1893 can it be said that 
actual success was assured. 
In this year a patent was 
issued for the use of 99 per 
cent thoria and 1 per cent 
ceria. This gave a mantle 
which was strong and be¬ 
came brilliantly luminous 
at relatively low tempera¬ 
tures. No other arrange¬ 
ment has yet been discov- - 
ered which produces so 
satisfactory results. If the 
amount of ceria is either in¬ 
creased or decreased, the lu¬ 
minosity decreases rapidly. 
See Fig. 11. It is probable 
that the ceria is held in solid 
solution ^ by the thoria. 

The importance of this industry is seen in the statement 
that the world^s annual consumption of incandescent mantles 
is about 300,000,000,2 of which the United States consumes 
about 80,000,000. Since each mantle contains about 0.t5 gram 
of thoria representing 1 gram of the nitrate, the workFs total 
consumption of the nitrate will be 300,000 kilograms. Pre¬ 
vious to the outbreak of the war the industry was almost abso¬ 
lutely controlled by German and Austrian interests. English 
and French mantle manufacturers depended on German andt" 
Austrian supplies of thorium nitrate. With the outbreak 
of the war this supply was cut off. Soon there developed a 
vastly increased demand for gas mantles on account of the 
stripping of the gas supplies of those constituents which 
give luminosity to the gas, in order to obtain noaterial for the 
manufacture of high explosives. The stripped pis still possessed 

^ White and Travers, Jowr. 8oc, Chem. Ind, 21 10X2 (1902). 

* Estimate of Elarl L. Kitiul, Bur. of Minet, Tech* JPapm^ 110, p. 9. 
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Fig. 11. — Effect of Compositiont 
ON THE Intensity op Light Emit¬ 
ted BY Mixtures of Ceria and 
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splendid heating power and eoxild be used eifficiently for light¬ 
ing if the burner were provided with an incandescent mantle. 
To meet these increased needs European manufacturers turned 
to American sources of thorium nitrate. As a result several 
new producers entered the martet and production increased 
enormously'. See Table IXXVIII. Thirty or more producers ^ 
are said to be engaged in the manufacture of mantles in the 
United States and the exports now exceed the pre-war imports. 
Competition has been keen enough to keep prices down and 
quality up. 

TA.BLE XXYIII 

Principal Imports of Thorium Material into the United States 


Monazitb (and Thorite) 


Thorium N’itba'tb 


Pounds Value per Pound 



The manufacture * of incandescent mantles is based upon the 
impregnation of a combustible fabric with the nitrates of tho¬ 
rium and cerium and the ignition of this material by which the 
fabric is consumed and the nitrates converted to the oxides. 
The fabric selected was first long fiber cotton, which is still 
extensively used in the United States. Better grades of man¬ 
tles are produced by the use of ramie, which before the war was 
used for the production of 90 per cent of the mantles made in 
Europe. Artificial silk has been used with very satisfactory 
results, as. it gives a mantle which is strong and elastic, and 

I ■p. 8. Tariff Cominissioii, InformcUian Series, ISTo, 14 (1920). 

* The pioeess described is for jnaatles made of cotton or ramie. For more 

extended acooTOt see Johnstone. Bare Sorft Im^try, P' 

p. 265; BShin, Das OcaglOhlKM (1906) and CK^. 460 (1906). For 

artifioial silk mantles see Virth, Chem. Zeit. 36 7S2 (1911). 
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possesses high illuminating power, which it retains well. Arti¬ 
ficial silk fabric has the advantage that it may be prepared in 
very pure form, thus making the long washing process unneces¬ 
sary. The fiber is woven into a long tube or stocking,’^ va¬ 
rious stitches being used and the tension of knitting depending 
on the purpose for which the mantle is to be used. The fab¬ 
rics before impregnation must be free from fatty substances 
and nearly free from mineral matter. To this end the cotton 
fabric is washed first in dilute caustic soda, then in dilute hydro¬ 
chloric acid ; while ramie is soaked in dilute nitric acid, washed 
in water, then soaked in ammonia. The fiber as finally used 
should yield between 0.02 and 0.01 per cent ash. If the ash 
excedes 0.02 per cent, the mantle becomes brittle, especially 
if silica is present.^ 

After washing, the mantle fabric is thoroughly dried, then 
impregnated by soaking in the lighting fluid.’’ This is a 
solution containing 25-50 per cent thorium and cerium nitrates 
mixed in proportion to yield 99 per cent thoria and 1 per cent 
ceria. Occasionally beryllium nitrate, magnesium nitrate, or 
other salts are added to increase the strength of the ash. In¬ 
verted mantles sometimes have 0.5 to 0.8 per cent ceria. After 
impregnation the excess liquid is removed by a wringer or a 
centrifugal machine and the material carefully dried. 

The asbestos loop and other supports ^re attached, and a 
process called fixing is sometimes employed, ijspecially for man¬ 
tles which are designed to withstand shock. This is accomplished 
by applying to certain parts of the mantle a solution which may 
contain borax, or nitrates of aluminium and magnesium. When 
the mantle is finished those parts which have been treated in 
this fashion are found to have a denser and stronger oxide, be¬ 
cause of the greater shrinkage during the burning process. In 
this manner those portions of the mantle which are exposed to 
the greatest strain are reinforced. 

Branding is accomplished by stamping a design upon the 
mantle fabric with a rubber stamp, wet with a solution the 
main constituent of which is ^^didymium” nitrate. This on 
ignition yields a colored oxide. 

The mantle is next shaped on a wooden model and burned off, 
beginning at the top with a low temperature flanae and finishing 

1 /our. fSoG. Chm, Ind, it 2841 T (1922). 
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■K^ith a blast lamp. Whea first formed, the oxides which make 
up the mantle are soft and shapeless, but on ignition at the hiVliPr 
temperature the oxides become much more dense and rigid. 
The burning off was formerly done by hand, but now it is gen¬ 
erally done by machine. During the burning off process there 
IS considerable shrinkage, the amount of which depends upon 
the fiber, the particular stitch used, the tension of knitting, the 
amount of impregnating fluid, the ratio of ceria to thoria, and 
other factors. When thorium nitrate is ignited to the oxide 
it expands at least tenfold, but cerium oxide has essentially 
the same volume as the nitrate crystals from which it is pre¬ 
pared. Accordingly, the ratio of ceria to thoria by volume in 
the usual mantle is approximately 1 to 999. 

After the hardening process the mantles are in exactly the 
same condition as when they are in use upon a burner. But 
in order to protect them against the shocks of transportation 
they arc dipped into a collodion solution to which is sometimes 
added nitrates of thorium, zirconium, or beryllium for the added 
protection which those salts supply. After drying, the mantles 
are trimmed and packed for shipment. 

The number of mantles manufactured from a pound of 
thorium nitrate varies widely with the size and quality of the 
mantles. In the United States about 325 is the average num¬ 
ber produced from a pound of thorium nitrate, while in England 
the number varies from 225 to 450. As many as 500 of the 
cheaper German mantles are said to be prepared from a pound 
of the nitrate. 

Compounds. — In its chemical relations thorium resembles 
both zirconium and quadrivalent cerium. It is somewhat more 
markedly electropositive than either of these elements, acidic 
properties being entirely absent. Its neutral salts are hydro¬ 
lyzed somewhat in solution, and consequently are acid to indi¬ 
cators. They are however sufficiently stable to permit recrys¬ 
tallization from water solution. In basicity thorium approaches 
the elements of the yttrium group. Double salts are less 
common than with cerium and zirconium, but characteristic 
double nitrates, R 2 'Th(N 03 ) 6 , crystallize well and are iso¬ 
mer phous vdth the analogous ceric double nitrates. Thorium 
resembles cerium in forming a double potassium sulfate which 
is insoluble in potassium sulfate solution, but differs from it in 
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forming a double ammonium oxalate which is soluble in excess 
of ammonium oxalate. 

The salts of thorium with colorless acids are colorless. In 
all its compounds thorium is quadrivalent. 

Hydrogen unites directly with thorium at red heat, forming ThH 4 , a 
stable powder, gray to black in color, unaffected by water but dissolved by 
HCl, yielding hydrogen. The formation of a gaseous hydride by action, 
of dilute acids on an alloy of magnesium and thorium has been affirmed ^ 
and denied.2 

Oxygen forms Th 02 , the most important oxide, and a peroxide, Th20r 
or ThOa. The dioxide is prepared by igniting the hydroxide or the salt 
of an oxy-acid. It is a white powder whose properties depend on the source 
and temperature of formation. The nitrate yields a light voluminous 
powder, the sulfate gives a much more dense product. When fused with 
borax it yields tetragonal crystals isomorphous with rutile and cassiterite. 
When pure thoria is heated it glows very little, but when mixed with a small 
per cent of other oxides, especially ceria, it becomes brilliantly incandescent. 
It is difficultly soluble in acids, especially after ignition at high tempera¬ 
tures. If the oxide is suspended in concentrated sulfuric acid and the 
mixture evaporated, it is transformed into the sulfate. Fusion with 
KHSO4 accomplishes the same result, but it is not attacked by an alkali 
carbonate fusion. It exists in an isomeric form, somewhat similar to that 
shown by zirconia and stannic oxide. The isomeric form is obtained as a 
gel, soluble in water, by repeated evaporation with small quantities of acid. 
It is sometimes called thorium meta-oxide and was formerly assigned the 
formula ThsOs. It is now generally considered as possessing the same for¬ 
mula as ordinary thoria.® 

The peroxide is obtained as hydrated Th 207 when ammonia and hy¬ 
drogen peroxide are added to the solution of a thorium salt. It is unstable 
and loses oxygen readily, forming the relatively stable ThOa. This is a 
very useful means of detecting and estimating thorium, by which it may be 
distinguished from both zirconium and the rare earths. 

The hydroxide, Th(OH) 4 , is precipitated as a gelatinous white mass when 
an alkali hydroxide or ammonia is added to solutions of a thorium salt. 
It is readily soluble in acids, forming salts, and in solutions of alkali carbon¬ 
ates, forming complex carbonates. It is not soluble in the alkalies, hence 
thorates are unknown. It is easily obtained as a positively charged 
coUoid from which small quantities of electrolytes precipitate it. 

Nitrogen unites directly with thorium, forming ThaNi. This compound 
may be prepared also by heating a noixture of Th 02 and magnesium or 
aluminium in nitrogen or the carbide in ammonia. It is a dark red powder 
slowly decomposed by cold water and quickly by hot, forming ammonia 
and Th 02 . 

* Klauber and v. MeUenheim, Z&it. cmorg. aUgem. Chem. 113 306 (1920). 

* Schwarz and Konrad, Ber. 54 B 2122 (1921). 

* Stevens, Zeit. anorg, Chem. 27 41 (1901), 
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The nitrate, Th(N 03)4 • 12 H 2 O, is obtained by dissolving the oxide or 
carbonate in dilute nitric acid and allowing the solution to evaporate at 
room temperature. On heating the solution a hexahydrate is obtained, 
and if a considerable excess of nitric acid is present a pentahydrate forms. 
A dihydrate is also known. The commercial thorium nitrate is not a 
definite hydrate, but contains a quantity of water equivalent to a tetra- 
hydrate. If the pure salt is ignited, a dense and harsh oxide results; 
but, if there is present 1 or 2 per cent of sulfuric acid the oxide is soft and 
bulky, occupying 6-10 times the volume of the nitrate. The voluminous 
ash is usually prepared for mantle manufacture. It forms a large 
number of double salts, like 2 M'N 03 * Th(N 03)4 with the alkali metals and 
M"(N 03)2 • Th(N 03)4 • 8 H 2 O with nickel, cobalt, magnesium, zinc, and 
manganese. It also forms addition products with pyridine, quinoline, 
diethylamine, etc. 

Phosphates of thorium are numerous. The normal phosphate, 
Th 3 (P 04 ) 4 * 4 H2O, is precipitated as a bulky white mass by sodium phos¬ 
phate. The precipitate always contains sodium. Thorium phosphate 
is more difficultly soluble in dilute acids than the other phosphates of 
monazite, consequently a partial separation of thorium is effected by means 
of sulfuric acid. A pyrophosphate, ThP 207 • 2 H2O, is precipitated by sodium 
pyrophosphate, and the meta-phosphate, Th(P 03 ) 4 , is formed by fusing 
ThCh and HPO3. Double phosphates are formed by fusing Th02 or 
Th 3 (P 04)4 with the alkali phosphates; and mixed halogen phosphates, like 
3 Th02 • ThCU * 2 P 2 O 6 , are prepared by heating the halide and meta¬ 
phosphate. 

Fluorine forms anhydrous ThF 4 as a fine white powder when hydrogen 
fluoride vapor is passed over ThCh or ThBr 4 at 350®~400°. When HF is 
added to the solution of a thorium salt ThF 4 • 8 H 2 O is precipitated, but on 
drying in the air ThF 4 • 4 H 2 O forms. Thorium fluoride is insoluble in excess 
of HF, which permits the quantitative separation of thorium and zirco¬ 
nium. On igniting a hydrated thorium fluoride the oxide remains. Thorium 
fluoride forms double salts with the alkali fluorides, such as K 2 ThFe • 4 H 2 O, 
KTh 2 F 9 * 6 H 2 O, KThFs • H 2 O. These salts differ from the other double 
fluorides of Group IV by being amorphous and very sparingly soluble. 

Chlorine forms ThCU in a number of ways in all of which oxygen and 
moisture must be absent to prevent the partial formation of the oxychloride: 
( 1 ) a pure salt is prepared by heating ThOa in a stream of chlorine and sulfur 
monochloride; ( 2 ) a mixture of the metal and its carbide, obtained by 
heating Th 02 with C in an electric furnace, yields the chloride when heated 
in a stream of chlorine; (3) phosgene reacts with Th 02 , giving ThCU and 
CO 2 ; (4) ThOCb at red heat gives Th 02 and ThCb. The anhydrous 
chloride forms colorless crystals which sublime at 720°-750®. They are 
deliquescent and dissolve readily in water with the evolution of much heat. 
The hydrate ThCb • 8 H 2 O forms on crystallization; these yield a hepta- 
hydrate on drying at ordinary teniperatures, a tetrahydrate at 50° 
ThCU • 2 H 2 O at 100°. Above this temperature basic chlorides are foriifted. 
Anhydrous thorium chloride combines directly with ammonia to form 
many addition compounds, some of which are decomposed by water and 
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some arc not. It also forms addition compounds with nu^thylarnine, 
ethylarnine, propylamine, toluidine, pyridine, and (juinoline; with alco¬ 
hol, acetaldehyde, cinnamic aldehyde, acetone, sali(^ylal(lehydc. It forms 
double salts with the alkali chlorides, although such compounds are less 
numerous than in the case of the trivalont earths. 

ThOCR is formed when hydrated thorium chloridci is heated to 250®. 
It is also formed when carbon tetracliloride begins to act upon hot Th 02 . 
It is very hygroscopic and dissolves in water without, dc^cornposition. 

Bromine and iodine form compounds similar to the (thlorinc (Icrivatives. 

Th(I 03)4 is of considerable importance in the detcxdion and estimation 
of thorium because in the presence of a large oxvom f>f filkali iodate it is 
insoluble in strong nitric acid whiki the ran? earth salts dissolve readily. 

Carbon forms ThCa when Th 02 and carbon are heated in the electric 
furnace. It burns brilliantly in air, forming ThO-j, and in sulfur, giving a 
sulfide. Concentrated acids have little action ui>on it, dilute acids and 
water react more readily, f)roducing a very cr)mpl(^x mixture of gjises which 
includes 47-48 per cent acetylene, 27-31 per cent methane, about 5 per 
cent ethylene, 16-18 per cent hydrogen, and small amounts of ethane, 
propane, butane, propylene, and some higher members of the acetylene 
series. 

Carbonates are numerous, although tliey are mostly doulde or basic 
salts. When an alkali carbonate is added to the solution <4 a hjisic salt 
there is precipitated a basic carbonate, solubl(‘ in excc^ss of the prcfripitant. 
The solubility of the double alkali thorium carbonateH is tlu! basis of an 
important method of separating thorium from tins ran? (airt h group. Crys¬ 
talline double thorium carbonates, such m 3 NasCOg - Th((!Og)a • 12 HgO, 
may be obtained by adding alcohol to the afpiefiuH solution of the double 
carbonate. Hydrates of the normal orfchofuirhonate, Hindi as 3 I 1 CO 4 • 2 HjiO, 
are obtained by passing carlxin dioxide into thorium liydroxide under 
pr^ure. The basic carbonate, 2 Th(()H )4 • CDs, is formed at atmospheric 
pressure. 

Thorium oxalate, Th(C 304)2 • 6 H 2 O, is preciiiitated as a white amorphous 
powder when oxalic acid is added to a solution of a thorium salt. It 
dissolve .8 readily in solutions of ammonium carlKinate and ammonium 
oxalate, but is less soluble in sulfuric acid than the*, rare, earth oxiilata and 
is insoluble in nitric acid. Double alkali oxidates, acid oxidato, and mixed 
salts have been prepared. 

Svlfur forms ThSa, which is best prepared by the iwdion of hydros 
sulfide on a hot mixture of ThCR and Nad. It forms large brown crystols, 
which react violently with nitric acid. ThOS is formixl at the same time 
as small orange-yellow crystals. The two product may lie wparated by a 
sieve. 

The sulfate, Th ( 804 ) 2 , may be prepared by heating the hydmtod mlts 
at 400®. The anhydrous salt is a white crystalline powder which is ex*- 
tremely soluble in ice water and forms higldy supersaturated iolutions. 
From these hydrates with 2 , 4, 6 , B, or 9 moleculiw of water sepamte at 
various temperatures. The solutions of thorium sulfate are eonsidarably 
hydrolyssed, the ^ solution being 46 imr cent hydrolysed. 
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There are also formed the acid salt, Th(SO.). • H.SO„ and a basic salt, 

Th(i 04)2 J^2 ^ ‘ \ potassium, rubidium, and caesium 

salts are difficultly soluble and formed by precipitation; double salts with 
the sulfates of orgamc bases, such as pyridine, quinoline, diethylamine, and 

phenylhydrazine. 


The sulfite, Th (SO 3 ) 2 • HjO, is prepared by warming a mixture of thorium 
sulfate and sulfurous acid. It is soluble in solutions of the alkali sulfites 
from which basic double sulfites separate on standing. 

No thiosulfate has been prepared. 

ThBa,aselenate, 

Th(&e 04)2 • 9 IRO, and a selenite, ThCSeO^lj • H 2 O, besides numerous salts 
of organic acids. 

Detection. — From solutions of thorium salts, Th(OH )4 is precipitated 
by alkali hydroxides, ammonia, or ammonium sulfide and the precipitate 
does not dissolve in an excess of the precipitant. Sodium thiosulfate 
precipitates a mixture of the hydroxide and sulfur, while sodium azide, 
NaNa, precipitates the hydroxide from boiling solution. The latter test 
is distinctive if the ceric salts are first reduced to the cerous condition. 
H2O2 precipitates the peroxide from a warm slightly acid solution. A 
solution of potassium iodate containing considerable concentrated nitric 
acid j)recipitates thorium iodate, insoluble in oxalic acid j cerium must be in 
the trivalent condition; zirconium iodate precipitates but dissolves in 
oxalic acid. Sodium hypophosphate precipitates on boiling the hypo- 
phosphate of thorium from very dilute thorium solutions, even in the 
presence of concentrated hydrochloric acid; ceric, zirconium, and titanium 
salts must be absent. Sodium pyrophosphate precipitates the thorium 
salt, sparingly soluble in dilute mineral acids; zirconium and ceric salts 
must be absent. Oxalic acid precipitates thorium, insoluble in excess of 
reagent, while zirconium oxalate is soluble in excess. Ammonium oxalate 
precipitates the oxalate soluble in excess, and not reprecipitated on dilu¬ 
tion, while rare earth oxalates reappear on dilution. HCl reprecipitates 
thorium oxalate from solutions of its double oxalate, while zirconium does 
not. 

Estimation. — The quantitative determination of thorium in a solution 
free from zirconium and the rare earth group is very simple. It consists 
of precipitating the hydroxide or oxalate and igniting to the oxide. In 
the presence of other similar salts the process becomes elaborate and usually 
involves several precipitations by the same or different reagents in order 
completely to remove interfering substances. Some of the more im¬ 
portant methods of determination are outlined as follows: — 

( 1 ) Hydrogen peroxide added to a neutral solution of the nitrates 
containing NH 4 CI or NH 4 NO 8 precipitates thorium completely.^ The 
precipitate may be ignited directly or dissolved in HCl and reprecipitated 
by ammonia. 

* Hdmgschmidt, Compt. rend. 142 157 (1906). 

^Ibid. 141 191 (1905). 

« ZdL angm. Chem. 16 297 (1902) and Compt. rend. 127 412 (1898). 
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(2) The iodate method ^ is available in the presence of phosphoric acid, 
so may be applied directly to a solution of monazite in sulfuric acid. 
Add HNOa to the sulfuric acid solution, then KIO3 and HNO3. Repeat 
the precipitation and finally dissolve the thorium iodate in HCl, precipitate 
as Th(OH)4, and ignite. 

(3) If a little H 2 O 2 is added to an acid solution containing thorium, 
then the solution brought to a boil and a solution of sodium hypophos- 
phate 2 added drop by drop as long as a precipitate forms, thorium 
hypophosphate is precipitated along with zirconium. Treat the pre¬ 
cipitate with a mixture of sulfuric and nitric acids, evaporate to dryness, 
take up with water and precipitate thorium oxalate; ignite and weigh 
as Th 02 . 

A volumetric method is based on the fact that ammonium molybdate 
precipitates thorium as the normal molybdate but has no action on the 
rare earth elements.^ The mixed nitrates are dissolved in 1:15 acetic 
acid to which a little sodium acetate has been added. This solution is 
titrated cold with ammonium molybdate, using diphenylcarbazide as an 
outside indicator. The end point is the appearance of a deep rose color 
which fades quickly. Another volumetric method ^ precipitates thorium 
from a mixed nitrate solution with hot oxalic acid; let stand, filter, wash, 
and add the precipitate to hot water, then add 1:1 sulfuric acid and titrate 
with decinormal permanganate. 

Thorium may also be determined quantitatively by measuring the 
radioactivity of the ore or compounds.® 

The use of cupferron for the determination of thorium is not successful.® 

1 C/iem. Ze^^. 34 306 (1910). 

2 Chem, Zeit, 36 686, 821 (1912) ; Zeit. angew. Chem. 25 1678 (1912). 

^ Metzger and Zons, Jour. Ind. and Eng. Chem. 4 493 (1912). 

* Gooch and Kobayoshi, Am. Jour. Sd. 46 227 (1918). 

® Jour. Am. Chem. Soc. 41 42 (1919); 43 2003 (1921); Borgstrom, Finska 
Kern. Meddel 1917; C. A. 16 1677 (1921). 

* Jour. Ind. and Eng. Chem. 12 344 (1920). 
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The elements carbon, silicon, germanium, tin, and lead com¬ 
prise Division B of Group IV. As a group these elements re¬ 
semble the members of the A division in general, there being 
fewer contrasts between the two divisions than in any other 
family of the periodic table. Elements of Division B are some¬ 
what less electropositive than the corresponding members of 
Division A. Division B elements form no superoxides but do 
form organo-motallic derivatives. 

There is a close family relationship between the members 
of Division B, whose physical properties, so far as they are 
known, show a gradual change with increasing atomic weight. 
(See Table XXIX.) The chemical properties likewise show in¬ 
teresting family relationships, kll the elements of the family 
form both bivalent and tetravalent compounds and in all cases 


Table XXIX 

Properties of the Garhon-Lead Family 



Caubont 

Silicon- 

Germanium 

Tint 

Lead 

Atomic Weight 

12.005 

28.1 

72.5 1 

118.7 

207.2 

Specific Gravity 

2.3-3.5 

2.35 

5.47 

5.8~7.3 

11.4 

Atomic Volume 

4.5 

12.04 

13.26 

18.25 

18.18 

Melting 

Point 


About 

953°-963“ 

231° 

326° 

Boiling 

Point 


About 

3000° 


220° 

1500° 

Boiling Point 
MCL 4 

76“ 

59° .6 

86“ 

113°.9 

Decom¬ 

poses 


^ Mlillerj J&ur. Am. Ohem. JSoc. 43 1085 (1921) fi-nds 72.42. 
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except lead the compounds of the higher valence are rrion; im¬ 
portant and more characteristic. Cariion and silicaiii ar<‘ actid- 
forming while germanium, tin, and haul are increasingly l>asic 
in character, as is shown by a comparison of <h(‘ halicb's, (he 
monoxides, and the dioxides. The tetrachlorides aiv increas¬ 
ingly hydrolyzed by water as the atoinif; weight of (he clement 
increases, but the dichloridcs of the heavier elemmds ar<‘ th(> 
most stable. Tin and lead are known in similar alhdropic 
forms. Lead resembles thallium and bismuth, forming; a link 
between this family and its ncighlmrs of the iieriodii^ system. 
Like many of the other elements of high atomic weight it has 
pecuharities which difforontiate it from the other rneMilmrs of 
its family. Its relationship to radioactive elements is prcdty 
definitely established. 

Historical. — The element ekaHilicon waB predicted by Mf*iidcUH*fi 
and its general physical and chemical properticH foretold. (Hoe Tuldt* III, 
p. 8.) No element was discovered which fulfilled thoKC j>n>f>hecii*K until 
1886, when Clemens Winkler was analy/dng the newly discDVCircHl silvt^r 
mineral argyrodite. The total constituents added up gave lietwoen 93 
and 94 per cent. He repeated the analysis carefully neveral and 

obtained good checks but could not find any known element wliicdi made 
up the balance of the mineral. After much careful work he diseoverf hI tlait 
when the mineral was heated out of contact with tlu^ air, tlierf‘ was ff irrned a 
dark brown sublimate, which he proved was made ui> of the sulfides of 
mercury and a new element for which he proposed the name gc^rnuiriiiim. 
On further study he found that it prescmhal (dose agreement with Nlemlc^- 
leeff's ekasilicon.i The mineral upon which he wsw working iip|M*iir» to 
have been a mixture of argyrodite and other minerals ^ so that it jircilialily 
contained not more than 0.02-0.03 per cent of germanium. Frotn this 
material he extracted 180 grams of the pure element. 

Germanium is one of the least known of all the elements, wince iilfiifwt 
all of our knowledge concerning it has been furnished by the of 

its discoverer.* 

Occurrence. — Germanium is a very rare element, foiiiicl 
in only a few minerals. It is usually found in nature tm the 
sulfide and is very commonly associated with silver sulfide* 
The principal ore is argyrodite, containing 6.93 pi}r cent ger¬ 
manium. This ore comes from a Freiberg, Saxony, miiia and 
is very similar to canfieldite, 6.55 per cent germanium, found in 

^ See Roscoe and Schorlemmer, Vol. 2, p, 70. 

2 IJrbain, Compt. rmd. 100 170H (IfllOh 

* Jour, Ind, and Eng. Chmn. 9 601 (1917). 
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Bolivia. A recently discovered ^ mineral, ultra-basite, from 
Freiberg, is thought to be a mixture of the sulfides of germa¬ 
nium, silver, lead, and antimony, containing 2.2 per cent ger-* 
manium. This element is also found in smaller amounts in 
zinc blende from various sources. Urbain examined ^ 64 samples 
of blendes from as many localities and reports some germanium 
in 38 of them. From 550 kilograms of a Mexican blende he 
obtained 5 grams of pure germanium.® It is also found in 
some samples of tantalite, columbite, cassiterite ^ and such rare 
earth minerals as euxenite, samarskite,® gadolinite, and fer- 
gusonite. Traces have also been detected in certain mineral 
waters. From 250,000 liters of a certain French mineral water, 
Bardet obtained ® 60 mg. Ge02. 

The richest sources of germanium now known are the spelter 
residues from certain American zinc ores,^ especially those from 
Wisconsin and Missouri. It collects in the spelter retort resi¬ 
dues, since the oxide is easily reduced by carbon at red heat 
and the metal is only slightly volatile at 1350°. In the zinc 
oxide furnaces, germanium burns to Ge 02 and passes off with 
the dust to the bag houses. Probably the ores of Wisconsin 
and Missouri contain not more than 0.01 per cent germanium, 
but the amount seems to be more uniform in the case of this 
element than it does in the case of gallium. 

Extraction. — Germanium ores may be decomposed in a 
number of ways. (1) The mixed sulfides may be dissolved in 
strong sulfuric acid and evaporated to dryness. If the sulfates 
are taken up with water and treated with sodium sulfide, both 
zinc and germanium are precipitated. The former may be 
dissolved in sulfuric acid (15:100) while the germanium sulfide 
remains in solid form.® (2) A more satisfactory separation 
is usually accomplished by suspending the oxides in 1: 2 HCl 
and saturating with H 2 S. Filter, wash with dilute HCl, and 

^Zeit. Kryst. Minenralogie, 55 430 (1921). 

2 Compt. rend. 149 602 (1909). 

3 Urbain, Blondel, Obiedoff, Compt. rend. 150 1758 (1910). 

^Hadding, Zeit. anorg. allgem. Chem. 123 171 (1922). 

^ Dennis and Papish have shown that Anaerican samarskite does not contain 
a detectable quantity of germanium; Jour. Am. Chem. Soc. 43 2131 (1921). 

® Compt. rend. 168 1278 (1914). 

^ See HiUebrand and Scherrer, Jour. Jnd. and Eng. Chem, 8 226 (1916) 
and also ihid, 9 661 (1917). 

* Urbain, Compt. rend. 150 1758. 
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dissolve the precipitate in Na 2 S. Bring the solution to the 
neutral point by adding dilute H2SO4 and let stand. Filter 
off the precipitated sulfides of tin, arsenic, and antimony; 
to the filtrate add an equal volume of strong HCl and saturate 
the solution with H 2 S, when pure GeS precipitates.^ (3) To 
separate germanium from ZnO, the ore may be added in small 
portions to commercial hydrochloric acid ^ in the proportion 
of a kilogram of oxide to 2400 cc. of acid. After the solid is 
dissolved add KCIO3 cautiously until the oxides of chlorine 
begin to appear, then distill at once. GeCl 4 distills under these 
conditions, between 120°-140°. (4) From argyrodite germa¬ 

nium may be extracted by fusion with sodium carbonate and 
potassium nitrate. Cool the melt, pulverize, and extract the 
alkaline germanate with water, add sulfuric acid and evaporate 
till all nitric acid is expelled. If the residue is dissolved in 
water and allowed to stand, germanium oxide separates from 
the solution. 

Separation. — From most of the metals, germanium may be 
separated by the formation of the sulfo-salts with ammonium 
sulfide. It may be separated from arsenic, antimony, and tin 
by exactly neutralizing the sulfo-salts with sulfuric acid and 
filtering after 12 hours. Evaporate to small bulk, add ammonia, 
ammonium sulfate, and sulfuric acid and saturate with H 2 S. 
GeS 2 precipitates while the other metals remain in solution. 

Germanium may also be separated from arsenic by either of 
three methods: (1) Fuse the mineral^ with Na 2 C 03 and S, form¬ 
ing the sulfo-salts, add NH4C2H3O2, acidify with HC2H3O2, 
and saturate with H 2 S. Under these conditions arsenic is 
completely precipitated and germanium remains in solution. 
(2) Germanium chloride may be distilled in the presence of 
strong HCl by oxidizing arsenic to the less volatile pentachloride 
by means of a chromate.^ In this manner 0.5 mg. of Ge02 mixed 
with 100 mg. AS 2 O 8 gave an arsenic-free germanium chloride. 
The completeness of the separation by distillation has been 
questioned.® (3) If the oxides are dissolved in an excess of 

^ Tmchot, Lea Terrea RareSr p. 294. 

^ James. Jour. Am. Chem. 80 c. 41 947 (1919). 

® Browning, Am. Jour. 8 ci. 44 313. 

^ Browning, ibid. 45 663. 

^ J. H. Mailer, Jour. Am. Chem. Soc. 43 1085 and 2549 (1921); see also 
Pennig and Papish, 43 2131 (1921). 
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HF and H 2 S is added, AsoSa is quantitatively precipitated while 
germanium is left in solution.^ 

From lead, cadmium, and selenium, germanium may be sep¬ 
arated ^ by distilling a strong hydrochloric acid solution in the 
presence of a little KMn 04 , Mn 02 , or KCIO 3 . The delivery 
tube should end just above the surface of the water in the 
receiver, which is surrounded by a cooling mixture. A precipi¬ 
tate of GeS 2 may be obtained by saturating with hydrogen 
sulfide. 

Metallurgy. — The metal may be prepared by: (1) heating 
the oxide with carbon; (2) reducing potassium fluogermanate, 
K 2 GeF 6 , with hydrogen or sodium; (3) heating the oxide in a 
stream of hydrogen; or (4) reducing the oxide with magnesium. 

Properties. — Germanium is a grayish white metal with a 
brilliant metallic luster, crystallizing in regular octahedra.® 
The specific resistance at 0° is 0.089 ohms per cubic centimeter.'* 
Thermoelectric determinations indicate that germanium ex¬ 
ists in more than one form. It is brittle, has a density of 
5.469 at 20®, and melts at about 958®.® Its boiling point has 
not been determined definitely. In the presence of the oxide 
it begins to vaporize at a temperature as low as 750®, but in 
an atmosphere of hydrogeii or nitrogen it produces little vapor 
at 1350®. The specific heat 0®-100® is 5.34. It is stable in the 
air at ordinary temperatures but when heated it burns to Ge 02 . 
It is not acted upon by hydrochloric acid, but dissolves readily 
in aqua regia; toward nitric acid it behaves much like tin, 
being oxidized to Ge02. It is dissolved by sulfuric acid, which 
it partially reduces, liberating sulfur dioxide. It combines 
directly with the halogens. 

Uses. — Recently some success has been met in the treat¬ 
ment of anemia by means of germanium compounds.® 

Compounds. — Germanium forms two series of compounds. 
In the germanous compounds the element has a valence of 2. 
These compounds are not numerous, are quite unstable, and 
resemble the compounds of silicon and carbon. In the ger- 

1 J. H. Mtaier, W, 43 2549 (1921). 

2 Browning, Am. Jour. Sci. 44 331. 

® See Albert W. Hull paper read before the American Physical Society at 
WasMngtou; note Chem. and Met. Eng. 26 1024 (1922). 

^Bidwell, Phys. R&o. 19 447 (1922). 

® Biltz, Z^. anorg. Chem. 72 313 (1911). 

« CatcdyUr 8 No. 1, 7 (Jan. 1923) ,* ibid. No. 4, 14 (Apr. 1923). 
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manic compounds the valence is 4, the stability greater, and 
the behavior more suggestive of tin and titanium. 

Hydrogen forms a gaseous hydride, GeH 4 , when germanium chloride 
is reduced by sodium amalgam or when a germanium solution is introduced 
into a Marsh generator. The mixture of hydrogen and GeH 4 burns with 
a reddish blue flame which deposits a mirror on a cold surface. This is 
soluble in sodium hypochlorite solution. When the gas is heated in a tube 
it decomposes, forming a deposit which is red by transmitted light and green 
by reflected light. When GeH 4 is bubbled through a silver nitrate solu¬ 
tion, silver germanide is precipitated. Concentrated nitric acid converts 
this into GeOs. 

Germanium chloroform, GeHCb, is formed when hydrogen chloride 
is passed over slightly heated germanium powder. It is a vapor which 
forms a volatile, colorless liquid, by cooling with ice. On exposure to air 
it becomes turbid, due to formation of GeOCb, and it reacts with water, 
forming Ge(OH) 2 . 

Germanium tetraethyl, Ge(C 2 H 6 ) 4 , was foretold by Mendeleeff and 
shows the ability of germanium to form volatile organo-metallic compounds. 
It is formed by the reaction of germanic chloride and zinc ethyl in an atmos¬ 
phere of carbon dioxide. It is a colorless liquid with a boiling point of 
160®. It is lighter than water with which it does not mix. The 
vapor bums readily, forming an explosive mixture with oxygen. 

Oxygen forms two compounds with germanium. 

Germanous oxide, GeO, is a dark gray powder which is obtained by heat¬ 
ing Ge(OH )2 in an inert atmosphere or by reducing Ge02 with germanium 
or magnesium. It is volatile and dissolves in hydrochloric acid. 

Germanous hydroxide, Ge (OH) 2 , is precipitated when an alkali is added 
to a solution of germanous chloride. It is soluble in excess of alkali. 
When first precipitated it is distinctly yellow in color, but on heating it 
turns red. This change is believed to indicate a tautomeric change, 

Ge^QjjI^O = latter is a germanium analogue of formic 

acid. This view is strengthened by the fact that germanium chloroform 
is hydrolyzed, giving germanous hydroxide: HGeCh -f 2 HOH = 
HGeOOH -f- 3 HCl. It has been shown ^ that certain metallic hydroxides 
behave as feeble acids and that the order of increasing strength as acids 
is zinc, beryllium, lead, stannous and germanous hydroxides. In the 
acidic compounds of the last three, the elements become quadrivalent. 
By studying the electrical conductivities and the rate of hydrolysis of 
ethyl acetate, it appears that germanous hydroxide is slightly weaker as 
an acid than acetic acid. 

Germanic oxide, GeO 2 , is prepared by direct union of the elements, 
by igniting the sulfide or oxidizing it with nitric or sulfuric acid, or by adding 
acids to dilute alkaline solutions of germanium salts. It is a dense white 
powder, which melts to a clear liquid, but is not volatile at 1025®. It is 
sparingly soluble in water, forming an acid solution, from which it crystal- 
1 Hantzsch, Z&it. anorg. Ch&m, 30 289 (1902). 
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in siniili rlirnnhif* cTyntaln. It cliHsolvos with «ome difficulty in acids, 
ffirmiiig gf^rnuiair* huIIh, anti in alkalicH, forming germanates. Neither 
(.U’fOIDi rifir («(*(>{()Ii)a in known. 

Flnnrinv. fnrinH ludb (}t‘F2 and (»<‘F4, the former I)y reduction of KaGeFu 
willi liydrc^gi’n and the latter as the trihydrate, when a solution of GeOa 
in HF is evsifioriited over aulfnrie acid. Gel'h • 3 H2O forms hygroscopic 
eryntiils, easily Htduble in water, hut it is somewhat hydrolyzed. 

FIuoMi»nnanie arid, fhi(h‘Fi, is formed by* passing the vapor of GcFi 
into iviitiT. If K(HI is added to the solution, potassium fluogermaxiate, 
KaGe l'i, is ftiniied. When K(d and IfF are added to a solution of GeCU, 
a ehnnieterislle g(datinouH precipitate of K^GeFe is produced. On 
standinfi; the preei|)itate lie.eonwB crystalline, isomorphous with ammonium 
fliioHilieafe. 

(Umjw forms GeX'h, GeClh, and GeOCIa. 

(U^muitunm chloride is made hy passing hydrogen chloride over heated 
GeH, It is II folorless whieh fumes in moist air and is completely 

h.v(irf»lyM‘d l>y water. It is soluble in (concentrated hydrochloric acid, its 
soliitifiri nefirig as a |>fnvc*rful rcMlucing agent. 

Germanic chloride, (»(*C’l4. h pn^jjared hy burning the metal in chlorine,^ 
or liy lieiiting the iiicdal or itn diHulfide with mereuric chloride. It is a 
thin eolorlesH liifuid which fumes in moist air and emits a crackling sound 
when mixed with water. It meltH at- 49 . 5 ® and has a specific gravity of 
1 . 874 . It ilmn not. nmet with H3BO4; it is slowly deooinposcd by nitric 
acid and reaetH vigoriHwly with ammonia and the alkalies. 

0 «*ntiiinitim oxvehhiridcs GeOCIa, is prepared by oxidation of germanium 
ehbrofona by warmirtg the latter or bubbling air through it. It is acolor- 
leMM oily liijuid wdilch drs^s not fume in the air. 

Brmiim and miim unite fiireetly with germanium, forming GeBri,* 
mil wliieh n*H(!rnbh* the eorresponding chloride. 

Suijur forrnw Ck*H and GcB?. 

Gerrufinoiiii sulfide, (*eB, m prepared by heating GeS2 with the metallic 
gerriirinitim in fin inert, atriifwphere, or by partially reducing GeS^ in hydro- 
g(*iL f may Im precdjiitiited hy adfling IlaB to a germanous solution. 
TIk* preci pi trill »d form k a dark red atnorfihous powder, and that prepared 
ill flic dry way formi metallic-looking crystals, dark gray in color by 
.it*fli*cted light find rf.fd by transmitted light. It may be melted and vapor- 
iml without ciceomiMisition, so it is the most definite germanouB compound. 
It m Hlightly sciliilile in water, and dissolves in acids, alkalies, and yellow 
arnmoiitiim forming with the latter a eharacjteristic sulfo-salt of 

Ofuraniifiic ClaBi, occurs in nature and is prepared by adding 

HiS tm & witition of a gemmnic salt or by acidifying a solution of GeS 
in ainiftoniiiin tiiilfid©. For the latter an excess of strong mineral acid is 
nec^yry liteauM tliii mlfo-add is quite stable- GeSa is a white powder 

* and Hance, Jaur, Am. Chwt>* Hoc. 44 299 (1922). 

» Deank and W[mnm% Uc. cU. . ^ 

*00mnii aaci Haiicc, Jtmr. Am. Ch&m. 44 2854 (1922)- 
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which does not mix readily with water. It dissolves slightly in water, 
but the solution evolves H 2 S because of the hydrolysis which takes place. 

Detection. — Germanium compounds give characteristic blue and 
violet lines in the spark spectrum; the blue line X 4686 is especially 
characteristic.^ 

Germanous solutions are identified by the precipitation (1) of the yellow 
hydroxide with alkalies, (2) of brown GeS with H 2 S, (3) of the white 
ferrocyanide with K 4 Fe(CN) 6 . They also reduce chromate and per¬ 
manganate solutions and precipitate metallic gold from the chloride. 

Germanic solutions are characterized by the formation with H 2 S of a 
white sulfide, GeS 2 , soluble in ammonium sulfide, also by the formation of a 
gelatinous precipitate, K 2 GeF 6 , when KCl and HF are added to GeF 4 . 
This precipitate becomes crystalline on standing. The hydrated dioxide 
is partially precipitated by ammonia, ammonium carbonate, and sodium 
carbonate. The fixed alkalies produce no precipitate because of the ready 
formation of the germanates. 

Estimation. — For the quantitative determination of germanium the 
element is usually precipitated as GeS 2 and weighed as such or converted 
to Ge02 by nitric acid and then weighed.^ Magnesia mixture precipitates 
Mg 2 Ge 04 , which may be filtered, ignited, and weighed as the ortho- 
germanate.® 

1 Jacob Papiah, Chem. News, 124 3 (1922). 

2 Dennis and Papish, Jour. Am. Chem. Soc. 43 2131 (1921). 

3 Muller. Jour. Am. Chem. Soc. 44 2493 (1922). 
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GROUP V —VANADIUM 

The elements of Group V are easily divided into two families, 
vanadium, columbium, and tantalum making up Division A, 
and phosphorus, arsenic, antimony, and bismuth comprising 
Division B. Nitrogen is an introductory element which re¬ 
sembles both divisions in some ways, but differs from each in 
other characteristics. These two sub-groups resemble each 
other in many respects, especially in their chemical properties. 
All the elements of the group form an oxide, M 2 O 5 , which is 
strongly acidic in the case of elements of low atomic weight but 
with decreasing acidity as atomic weight increases, until Bi 205 
can scarcely be called acidic at all. All the elements of the 
group form two definite series of compounds, one trivalent and 
the other pentavalent. Valences of 2 and 4 are also common. 
This group is especially characterized by the large number of 
oxides and halides which its members form. 

Members of the two divisions have much greater differences 
than are shown by the two divisions of Group IV. Thus if we 
consider nitrogen as an introductory element, we find that phos¬ 
phorus, arsenic, antimony, and bism^ith are easily reduced from 
their oxides, melt at relatively low temperatures, and vaporize 
easily. Phosphorus has the characteristics of a non-metal, but 
metallic properties increase with increasing atomic weight, bis¬ 
muth presenting fairly typical metallic properties. All the 
members of this division form organo-metaUic derivatives and 
all except bismuth form very characteristic volatile hydrogen 
compounds. All the members of Division B are well-known 
chemical elements which have found numerous applications in 
the industries. ^ 

In contrast to these characteristics the three members of 
Division A are extremely difidcult to reduce from their oxides 
and have high melting and boiling points. They are all typi¬ 
cally metallic in appearance and general behavior. Vanadium 
is less basic than columbium and tantalum, as is to be expected, 
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but there is not a regular increase of basienty wit.li increased 
atomic weight. Considering that coliiinbium forms oxy-salts 
more readily than does tantalum and that 
tantalum halides are completely hydrolyzeal 
while the coluinluiiin eomi)()un(ls are hydro¬ 
lyzed only to the oxy-salts, it af)pears that 
tantalum in vsorne respends is sonuavhat Icnss 
metallic than colurnhium. These tIir(H» ede*- 
ments do not form volatile compounds with 
hydrogen. All members of Division may 
be considered rare, at least in th(* sense that 
they have only r(H*ently come to a,ttract the 
attention of chemists. 

The relationship hetweem the meml)erH of 
the two divisions is shown in Fig. 12. Tlie 
blank spaces following (xdmnluum and ardi- 
mony may jmssibly represcud cdemc'ids not 
yet discovered, but the proximity of the rare 
earth group makes it. seem probalde that 
spaces do not represerd, missing cduunic^al in¬ 
dividuals. The close resemblance between colurnhium and tan¬ 
talum is hardly suggestive of a missing intcuunculiate elcunentj 
while there is greater reason for ex|x^(ding an edeunerd. to fall 
between antimony and bismuth. 

The physical properties of the rnemters of Division A are 
shown in Table XXX. 



Fig. 12 


Table XXX 


Physical Properties of the Vanmlium Family 



Vanadium 

C'oLUMintJM 

Tantalum ^ 

Atomic Weight .... 

51.0 

03.1 

IKIJ 

Color. 

Silvery 

Stecd-griiy 

Ircm-gray 

Specific Gravity .... 

5.5 

7 . 0 « 

8..0 

Atomic Volume .... 

9.3 

13.3 

23.0 

Melting Point. 

17200 

: 1950 “ 

! About 

1 2010® 


1 For additional properties of tantalum se# table by C. W. Balk©, Chem. and 

Met. Eng. 27 1273 (1922). 
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Vanadixim 

Historical. — In 1801 Del Rio announced the discovery of a new metal 
which he had found in a certain lead ore from Zimapan, Mexico. He sug¬ 
gested the name erythronium, meaning red, because its salts became red 
when heated with acids. In 1805 Collet-Descotils concluded that this 
new metal was an impure oxide of chromium and Del Rio accepted this 
conclusion. But in 1830 Sefstrom found a new metal in a Swedish iron 
ore, which he proposed to call vanadium after the name Vanadis, the Scan¬ 
dinavian goddess more frequently known as Freya. During the same year 
W5hler showed that Del Rio^s erythronium was a new element identical 
with vanadium and that the Mexican ore was a lead salt of this element. 
Berzelius took over Sefstrom’s material, and in 1831 published the results 
of his extensive investigation. He concluded that vanadium belonged, in 
the group with chromium and molybdenum because of its acidic trioxide. 
This view was accepted till 1867, when Roscoe showed that the element 
belongs with phosphorus and arsenic, that the volatile chloride contains 
oxygen and is analogous to POCI3, and that Berzelius' metal was either 
the oxide VO or the nitride, depending on the method of preparation. 

Occurrence.^—Although commercial vanadium ores are found 
in only a few localities, the element is estimated to comprise 
0.017 per cent of the earth^s crust and is known in a large num¬ 
ber of rare minerals. It is generally present as aVanadate, though 
in some important minerals it is found as silicate, sulfide, or 
oxide. The more important minerals are: — 

Vanadinite, 3 Pb 3 (V 04 ) 2 *PbCl 2 or (PbCl)Pb 4 (V 04 ) 3 , is the 
mineral from which Del Rio first obtained vanadium material. 
It contains from 8 to 21 per cent V 2 O 5 , varies in color from deep 
ruby red to a straw yellow, and is found in Mexico, Urals, 
Sweden, Argentina, and abundantly in the mining regions of 
Arizona and New Mexico. 

Descloizite, 4 (PbZn)O • V 205 -H 20 , contains 20-22 per cent 
V 2 O 5 , cherry red to reddish brown, found in New Mexico and 
Arizona. 

Carnotite is a potassium uranyl vanadate for which the for¬ 
mula K 2 O • 2UO 3 • V 2 O 6 • 8H 2 O is frequently given. The ore, 
however, varies materially from this composition. It con¬ 
tains 19 or 20 per cent V 2 O 6 and is valuable for both vanadium 
and uranium, as well as radium. It occurs extensively in Para¬ 
dox Valley, Colorado, and in Utah, South Australia, Portugal, etc. 

Roscoelite is a silicate of doubtful formula, probably a mus- 

1 W. F. Hillebrand, Jour. Am. Chem. Soc. 29 1019 (1907) and Eng. and Min. 
Jour. 93 1093 (1912). 
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covite mica in which a part of the aluminium is replaced by 
vanadium. It is found in San Miguel County, (Colorado, and 
is the most important simple vanadium ore in the UiiitcHl States. 

Patronite is a sulfide of vanadium as associated with jjyritci 
and a carbonaceous substance which contains much fn^e sulfur. 
It varies widely in composition, but a typical analysis gives vana¬ 
dium sulfide 35 per cent, iron pyritc 5 per cent, fre(‘ sulfur 35 per 
cent, and silica 15 per cent, with small amounts of molybdenum, 
nickel, aluminium, calcium, etc. It is found in tlic Andes 
Mountains, especially in Peru. 

Asphaltite is an extremely soft, friable deposit of low specific 
gravity, containing 80 per cent hydrocarbons, but yielding an 
ash which contains from 5 to 50 per cent V20f,. It is found near 
Page, Oklahoma, and Palisade, Nevada, but the main deposit 
is in Peru. 

In addition to these commercial ores, vanadium is found occasionally 
as vanadic ocher, V 2 O 6 , bismuth ocher containing 1-29 per (aait VaOs, and 
many others, still more rare. It is almost always {iresent in rutile, which 
may owe its color to the vanadium rather than to th<j iron con Urn t. 'Tracw 
have been found in certain copper and iron ores, in many clays, especially 
fire clays, in trap and basalt, and in certain coal deposits. I'hc ash from an 
Oklahoma coal shows varying amounts of vanadium, sometimcH running 
as high as 34,5 per cent V 2 O 6 . Ash from some Peru and Argcntirm (^oiils 
may contain as much as 38 per cent VgOs. Vanadium has recimily Immsii 
found in the blood of certain fish, where it evidently rc{)liiccs iron. A 
brown spotted holothurian, Sticopiis rafibii, from the Tortugas, showed 
0.0247 g. of vanadium in 20 g. of the dried animal l>ody.^ Two other 
species of holothurians showed no vanadium, but this element hits iKMin 
detected in the blood cells of certain ascidia taken from the Bay of MapltJ. 

The world^s most important vanadium supply comas from 
Peru, which formerly supplied 70 per cent of the workPs vana- 
dium,2 The raw ore averages 20-25 per cent VtO®, but lief ore 
shipment this is increased to 35-40 per cent by calcination. 
Occasionally small quantities will run as high m 50 per cent. 
The mines are high in the mountains, being about 15,WO feet 
above sea level. Transportation was formerly by llamiis and 
boat, but recently a system of motor trucks and a narrow-gauge 
railroad has been provided. The annual shipments have shown 
considerable fluctuation due to e3dmustion of »ine of the rich- 

1 Am. Jour. Sd. 46 473. 

» See Hewett, Tram. Am. Imt. Min. Bng. 40 291 (1909); HiUebr#nd. Jour. 
Am. Chem. Soc. 29 1019 (1907); Wilson, Chom. md Md. Sng. 2« 099 (1922), 
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(\si (lepoBits of patronite, as well as difficulties of transportation. 
P(irii in 1919 supplied 60 per cent of the world’s vanadium, 
nc^arly all of which was shipped to the United States. The larg- 
(jst dorncjstic deposits are in San Miguel County, southwestern 
(^olorado, about 3() per cent of the world’s vanadium coming 
from Vanadium, Ckjlorado. These deposits are mainly roscoe- 
litc wiili a little carnotite, averaging 1.5 per cent V 2 O 5 , but the 
depoHits are large and easily worked.^ At Cutter, New Mexico,, 
there are vein deposits of vanadinite, but the ore is a difficult 
on(‘ to work. Small amounts of vanadium are obtained from 
tlie slags of certain iron ores, especially Swedish magnetite.^ 

Previous to 1906 Spain was the greatest producer of vana¬ 
dium. The deposits are vanadinite in sandstone, containing 
an average of 3 per cent VoOs, which is raised to 14 per cent 
by concentration. Other deposits arc found in Mexico, Argen¬ 
tine, England, Sweden, Russia, and Germany. 

Extraction.— The method used in extracting vanadium 
from its ores varies widely with the nature and richness of the 
ore and the value of the by-products. The difficulties encoun¬ 
tered are mainly in connection with the purification of vana¬ 
dium from uranium, aluminium, iron, and silica. It is probable 
that no two mills use exactly the same process. In general 
*the methods ^ use (1) an acid method, producing soluble vana¬ 
dyl (jornpounds; or (2) an alkali method, producing soluble 
alkali vanadates. The following outline methods illustrate 
the gerieral principles employed: — 

(1) The Koenig process consists in treating the crushed 
ore with a 20 per cent solution of sulfuric or hydrochloric acid 
at a temf>erature of 200® and a pressure of 225 pounds per square 
inch. After several hours the liquid is filtered, evaporated, 
and the salts ignited to expel excess acid, then roasted with 
scxliiim (;arbonate. The mass is leached with boiling water, 
and carlx^n dioxide bubbled in to precipitate alumina. This 
method is recommended for roscoelite and vanadium-bearing 
sandstone. 

(2) The Fleck process, which may be used upon carnotite 

* 81 J# 0 . S. Btir. of Mirm, Bidl. 70, p. 61. 

® KJdllxirg, Jtmkm'dordM Anndlm (1921), p. 147. 

* 8«i BtM, 104, IJ. B. Bur. of Mines; Bloecker, Chem. and Met. Eng. 11 601 

(1911). 

BtM. 104, XJ. S. Bur. of Mmo». 
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ores, consists in treating the finely ground ore with dilute sul¬ 
furic acid- The iron and vanadium present in the solution are 
reduced by sulfur dioxide, then sufficient powdered limestone 
added to precipitate the calcium. Next the uranium and vana¬ 
dium are precipitated by boiling the solution with more lime¬ 
stone. 

(3) The U. S. Bureau of Mines nitric acid method of treating 
carnotite is outlined in the diagram, Fig. 13. This method is 


Ore heated with nitric acid 


Residue Acid solution 

(discarded) Nearly neutralize; add BaCh + H 2 SO 4 


Precipitate: Radium-Barium Sulfate Solution, boil with excess Na 2 C 08 


Reduce 

with 

Carbon 


Radium- 

Barium 

Sulfide 


Chlorides 
(or Bromides) 


Precipitate: Iron, Calcium Sodium-Uranium Car- 

Aluminium (discarded) bonate 

Sodium Vanadate 
Partly neutralize with HNOa; 
add NaOH I 


Sodium Uranate * Solution neutralized 

Contains 7-8 per cent V 2 O 6 with HNO3; add FeS 04 


Ferrous Vanadate Solution evaporated 


Fractional 

Crystallization 


Radium Barium 
Chloride Chloride 


Sodium Nitrate 
Nitric Acid 


Fig. 13 


said to extract as much as 90 per cent of the radium and nearly 
aU of the uranium, but some vanadium is left in the residues, es¬ 
pecially if roscoelite and similar vanadium ores are present in 
the carnotite. This method is especially recommended on 
account of the high recovery of radium. Its cost is greatly 
reduced by the fact that enough nitric acid is recovered to dis¬ 
integrate the ore, but in spite of this saving it is relatively ex¬ 
pensive. 

(4) For vanadinite ores experimental work done at the 
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Bureau of Mines ^ shows that an efficient method of extracting 
the valuable constituents is as follows : flux the ore with soda 
ash, when the lead is recovered as a metal; from the slag vana¬ 
dium and molybdenum are extracted with water and calcium 
vanadate precipitated with slacked lime, while the molybdenum 
remains in solution. Vanadinite ores may also be ground and 
extracted with sodium sulfide, when lead sulfide precipitates and 
sodium vanadate dissolves, free from sulfides. By adding 
NH4CI a precipitate of (NH4)3V04 is formed, or after purifi¬ 
cation Fe 3 (V 04)2 is precipitated by adding FeS 04 , or V 2 O 5 is 
precipitated by acidification. 

(5) From the cupro-descloizite of Brisbee, Arizona, vanadium 
may be extracted by the sulfuric acid leach, but a better method 
is a combination of nitrate fusion and sulfuric acid leach,^ in 
which the cost of treatment is less than the by-products re¬ 
covered. 

The method formerly used by the Primes Chemical Company 
at Newmire, Colorado, depends on fusing the crushed roscoelite 
with sodium chloride. The sodium vanadate formed is dis¬ 
solved out and ferrous sulfate added to precipitate ferrous vana¬ 
date. The uranium is not recovered by this process. Other 
similar processes fuse the ore with an alkali carbonate and car¬ 
bon, ^ sodium nitrate, or potassium acid sulfate. 

(6) The Haynes-Engle process consists in digesting the 
coarsely ground ore with a solution of sodium carbonate until 
the uranium and vanadium are extracted. Sodium hydroxide 
is added to precipitate sodium uranate and slaked lime to pre¬ 
cipitate the vanadium. 

Vanadium is obtained from many of the extracts, either by 
precipitation as ferrous vanadate or calcium vanadate or by 
electrolytic deposition. If ferrous sulfate is used, it must be 
present in considerable excess in order to prevent loss of vana¬ 
dium. The electrolytic deposition has some advantages over, 
the precipitation methods, but it does not produce a pure prod¬ 
uct. If ferrous vanadate is desired, a nearly neutral solution 
is used, the anode is iron and the cathode almost any metal. 
A potential difference between the electrodes of four volts is suffi- 

1 J. E. Conley, Chem. and Met. Eng. 20 614 (1919). 

2 Ibid. 20 465 (1919). 

2 Herrenschmidt Compt. rend. 139 635 (1904). 
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cient to cause the vanadium to collect around the anode. For 
the precipitation of vanadic acid a strong mineral acid may be 
added to a solution of sodium vanadate, but about 10 per cent 
of the vanadium cannot be removed in this manner. Vanadic 
acid may be obtained by heating ammonium metavanadate or 
adding hot HCl to dry calcium vanadate. In one electrolytic 
method, vanadic acid is precipitated in a porous cell which is 
surrounded by water that has been made slightly alkaline. 
The solution is hot and contains a slight excess of sodium car¬ 
bonate. A platinum anode, an iron cathode, and a potential 
difference of, 6 to 8 volts are used. This method yields a prod¬ 
uct which is 98 per cent pure. 

Metallurgy. — Metallic vanadium may be prepared in a 
number of ways. (1) By reduction of vanadium dichloride 
by pure hydrogen. This method is difficult to use because at 
red heat vanadium unites readily with oxygen and water, so 
both must be carefully excluded. (2) By making a plastic mass 
of vanadium pentoxide with carbon and paraffin, shaping into 
rods and passing the electric current through them in a vacuum. 

(3) By reduction of the pentoxide with misch metal ^ or silicon. 

(4) By reduction of the trioxide with carbon.^ (5) By the 
thermite reduction process.^ A product which was 99 per 
cent pure has been obtained by this method or by reduction 
with vanadium carbide. (6) By electrolysis of a solution of 
the trioxide in fused calcium vanadate.^ The anode is made 
of carbon and the cathode is prepared by pulverizing ferro- 
vanadium and pressing the powder into a cbne-shaped form. 
The current density used is 4.5 amperes per square inch of anode 
surface. 

There is relatively little interest in the production of pure 
vanadium, at least 90 per cent of the vanadium extracted being 
produced and used in the form of ferrovanadium alloys. These 
usually contain from 25 to 50 per cent vanadium and may be 
prepared by either of three methods: (1) reduction by the 
thermite process; (2) reduction with carbon in an electric 
furnace; and (3) several electrolytic methods. 

1 Muthmann and Weiss, JA^ig Ann. 337 370; 355 58. 

2 Ruff and Martin, Zeii. angew. Chem. 25 49. 

anorg. Chem. 64 217 and 225 (1909). 

* Gin, Electrochem. and Mei. Ind. 1 264 (1909). 
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The electrolytic methods do not seem to have been very 
generally used, although the product obtained is free from 
both carbon and aluminium. Of these methods the following 
illustrate the principles used: — 

(1) Gin’s electrolytic method for ferrovanadium ^ uses 
vanadic acid dissolved in a bath of fused iron fluoride and cal¬ 
cium carbide. The anode is a mixture of vanadic acid and 
retort carbon, and the cathode is fused steel. (2) A French 
process uses vanadic acid dissolved in calcium fluovanadate, 
and a current of 0.7 ampere per square centimeter of anode 
surface. (3) An American process electrolyzes a solution 
of vanadic acid in molten ferrosilicon. (4) Another American 
process passes an electric current through a charge made up of 
vanadium oxide and the calculated amounts of iron and carbon. 

The reduction by means of aluminium has been the main 
method of producing ferrovanadium and is especially serviceable 
for the production of a product free from carbon. The reduc¬ 
tion is carried out successfully in furnaces capable of producing 
125,000 pounds of alloy per run.^ The large units used give a 
greater uniformity to the product and a much higher tempera¬ 
ture (2500°-2800° C.) than in small crucibles. In this way a 
fluid slag is produced and the separation of the metal is more 
complete. Not all of the vanadium is extracted by the thermit 
method, some being left in the slag. This process is somewhat 
expensive, due not only to the cost of the aluminium but more 
especially because of loss of this element through volatilization. 

When the presence of a small amount of carbon in the ferro¬ 
vanadium is not objectionable, reduction by carbon in the 
electric furnace is employed.^ The ore used may be the vana¬ 
date of iron or calcium or the oxides of vanadium. Roasted 
patronite is sometimes reduced directly in the electric furnace 
by the use of lime to remove the sulfur. This process is diffi¬ 
cult to carry out, requires an excess of carbon, and its large- 
scale operation has only recently been accomplished. A very 
high temperature must be used also and the reduction must be 
completed in a short time. But by using a high voltage, high 
current density, and close spacing of the electrodes and then 

^ Zeit. Elektrochem. 9 831 (1903). 

2 Min. Ind. 1919. 

2 See E. S. Anderson, Trans. Am. Electrochem. Soc., 37 277 (1920), and B. D. 
Saklatwalla, ibid. 37 341. 
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feeding the ore directly into tlio heat zone ^ gcxxl n‘siilts are 
obtained. Considerable carbon Ls retaincul l)y ihc', fctrrovana- 
dium, a part of which is removed by fusion willi (‘if hen* an oxide 
of iron or an oxide of vanadium. Thc^ final procliud, contains 
from 1.5 to 6 per cent carbon, whi(‘Ii is a ma.tt(a* of serious (con¬ 
sequence in the steel industry, Imeauscc tluc vaiiadiiun (com¬ 
bines with the carbon, forming a staJ>le (?arbi(I(c wln'ch dissc^lvccs 
in the steel without decomposition, so tluc iKaudicial influccmac 
of vanadium is not produccccd. The fdectrie mlnriion takes 
place mainly at Bridgeville, Pennsylvania, wluu'e tluc fluumite 
reduction process has been in use for somcc tiin(‘. Hec'cntly 
an electric furnace capable of produ(‘ing alanit 75,000 pounds 
of alloy per month was instalhul for Inciting the* slag from the 
thermite process dump. Early in 1920 production of ferro- 
vanadium in the electric furnace was bfcgun at York, Pennsyl¬ 
vania. 

Several patents have been issued for tluc |)r()du{di()n of hu’ro- 
vanadiumin an electric furnace, using silicon as a rediucing agent. 
The process produces a high temperaiurcc arid hremte is 8Ucc(3S8- 
ful. The product, however, contains some? silifcmi. 

The vanadium industry has grown V(*ry rapidly within re¬ 
cent years. It is said that in 1909 th(‘ total fenTovanadium 
produced did not excceed $50,(K)() in valuer Hut fivee years later 
it amounted to $1,500,(KX). During the? World War t he? (mormons 
demand for vanadium Btc(?l gn^atly stimuIaUal prodmctiori and 
the output increased at an astonishing rate. During 1920 the 
total production of the vanadium industry prol)al>ly exceeded 
4,000,000 pounds 2 of V20r,. Pracjticmlly all the vanadimri 
produced in the world is under the? control (^f tla? Vanadium 
Corporation of America. 

During the latter part of 1918 ferro vanadium sold for $5 
per pound of contained vanadium. During 1919 the demand 
was strong, and the price rose to |7 or more per imund for 
the alloy low in both carbon and silicon. The demand was so 
strong that the alloy with a high (mrbon and silicjon content 
sold freely, and for the first time purchinie® of cmriiotite were 
compelled to pay for the vanadium which it (jontaineci During 
the latter part of 1920 the market Ixicarno dull, possibly due to 

1 See Pat 1,435,742; Chmn. and MM. Eng* ^7 1232 (lt22). 

2 R. B. Moore, Eng. and Min. Jttur. Hi 152 (1921). 
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the general business depression along with the active produc¬ 
tion of recent months. The Chemical Products Company of 
Denver, Colorado,' who have been producing vanadium and 
radium announced the indefinite suspension of activities be¬ 
cause of the poor market for vanadium.^ 

Properties.—Vanadium prepared by the reduction with 
hydrogen is a light gray powder, from which a crystalline mass 
may be obtained which possesses a brilliant silver-white luster. 
The metal takes a splendid polish, which is not tarnished by 
exposure to air. It has a specific gravity of 5.68 and is harder 
tliaii steel or quartz. It may be heated in hydrogen to redness 
without fusing or vaporizing. It is non-magnetic. When the 
(compact form of the metal is heated in the air it is oxidized, 
showing various colors as the oxidation progresses: brown 
(V2O), gray (V2O2), black (V2O3), blue (V2O4), and red (V2O5). 
When the powdered metal is thrown into a flame or heated in 
oxygen it burns with brilliant scintillations. When heated 
in an atmosphere of chlorine it combines directly with it, form¬ 
ing VCI4; at high temperatures it also combines directly with 
nitrogen, forming VN, and with carbon, probably forming VC. 
It is not soluble in hydrochloric acid nor in dilute sulfuric acid, 
but dissolves in nitric, hydrofluoric, and strong sulfuric acids. 
Solutions of the alkalies have little effect upon it, but with 
fused alkaline reagents it reacts readily, forming water-soluble 
vanadates and liberating hydrogen. 

It alloys with iron and aluminium. 

Uses. — The greatest uses of vanadium are in connection 
with the preparation of special grades of steel. The effect of 
adding vanadium is twofold: (1) it acts as a scavenger, being 
cHpecially efficient for the removal of nitrogen and oxygen; 
(2) a small per cent remains in the steel, passing into solid solu¬ 
tion in the ferrite, making the metal more coherent and impart¬ 
ing increased toughness and tensile strength. 

As a scavenger its efficiency depends upon its ability to unite 
with nitrides and oxides and carry them into the slag. It is 
more efficient for this purpose than ferrosilicon and ferroman¬ 
ganese. Consequently it is added after these alloys have pro¬ 
duced the best results of which they are capable. Vanadium 
has accomplished surprising results in improving the quahty 
1 Chem. and Md. Eng. 24 491 (Mar. 16, 1921). 
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of crucible and open hearth steel, but it is used also for Bessemer 
and even in cast iron. It is usually added as small lumps or as 
a powder to the ladle as the steel is being drawn. Usually 
little difficulty is encountered in obtaining a satisfactory mix. 
The melting point of ferrovanadium containing 30-35 per cent 
vanadium is 14^5°, but the melting point rises as the amount of 
vanadium is either increased or decreased beyond these limits. 
For use at moderate temperatures an alloy of this composition 
is preferred. The quantity added depends upon the amount 
of scavenging which it is expected to accomplish, but only a 
small amount is needed as a permanent constituent of the steel. 
For case hardening material 0.12-0.14 per cent is sufficient; 
for axles, shafts, saws, dies, etc., 0.16-0.2 per cent is used; 
springs usually require a little more; armor plate, gun shields, 
etc., contain 0.3-0.4 per cent and high speed steel contains 
0.35-0.5 per cent. For the latter purpose as much as 2 per 
cent vanadium is sometimes used, but for general purposes the 
amount does not exceed 0.3 per cent. Vanadium steels are less 
porous, and will withstand strain, vibration, and shock very suc¬ 
cessfully. The effect upon high speed steel is much the same as 
chromium, since it increases the hardness and red hardness of 
the cutting edge, and imparts greater durability to the tool. 

In modern steel making, vanadium is generally used in con¬ 
nection with other alloying elements. Typical of these are 
the chrome-vanadium steels, which are generally made in the 
open hearth furnace, the alloying metals being added a short 
time before the casting is made. This variety of steel is used 
commonly for making automobile parts, where it is valued, not 
only on account of its toughness and strength, but because it is 
particularly free from surface imperfections. It resembles 
chrome-nickel steel in physical properties and is able to com¬ 
pete with the cheaper nickel because the latter acts only as an 
alloying element and not as a scavenger. 

In cast iron the amount of vanadium varies from 0.08 to 0.15 
per cent. Its function is that of a scavenger, and its beneficial 
results are almost wholly indirect. It causes a more even dis¬ 
tribution of the carbon, lessens porosity and brittleness, and 
checks spalling and flaking. The strength of the casting is 
increased 10-25 per cent by 0.1 per cent of vanadium. It is 
claimed that the decrease in the number of rejected castings 
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more than compensates for the increased cost of the vanadium 
treatment. 

Vanadium forms alloys with other metals, some of which 
are of considerable commercial interest. The aluminium alloys 
containing 10 per cent or less of vanadium are malleable, while 
those containing 20-25 per cent vanadium may be pulverized 
in water. The alloy of the composition AIV is the hardest one 
of the series. A copper-vanadium alloy containing 10-15 per 
cent vanadium, 60-70 per cent copper, 10-15 per cent aluminium, 
and 2-3 per cent nickel is prepared and used for the production 
of solid copper castings and bronzes and in the manufacture 
of aluminium alloys. Approximately 100 tons of cupro-vana- 
dium are sold annually to brass and bronze makers.^ Vana¬ 
dium* is also used to harden gold for use in dentistry. 

The compounds of vanadium find a wide variety of appli¬ 
cations, but none of these use more than a very small amount 
of the element. For many years vanadium salts have been 
used in photography, where they are serviceable for the produc¬ 
tion of a green color on bromide prints. One plan uses a mix¬ 
ture of vanadium tetrachloride, oxalic acid, ferric oxalate, and 
potassium ferricyanide.^ A plan for using vanadium or its 
alloys in place of lead and vanadium salts in place of sulfuric 
acid in storage batteries is covered by French patent 357,601 
(1905). W'riting inks are made by mixing vanadium salts 
with tincture of galls. These inks produce a deep black color, 
which is unaffected by chlorine, acids, or alkalies, but it fades 
gradually and accordingly has not won great popularity. In 
the textile industries, vanadium compounds are used as mor¬ 
dants in the dyeing and printing of cotton and especially in 
fixing aniline on silk. Ammonium vanadate has been used in 
the dyeing of leather. In ceramics the colored compounds are 
used to produce certain colors in both glass and pottery, while 
V2O6 or HVO3 is serviceable as a gold bronze. The oxides of 
vanadium not only serve as oxidizing agents, but they are 
efficient catalysts, serviceable in the oxidation of certain organic 
compounds,^ such as the oxidation of sugar to oxalic acid or 

1 Thomas, Raw Material, 4 167 (1921); also Chem. and Met. Eng. 27 1185 
(1922). 

^ L. Lumicre, Mondteur Scientifiqite 42 437 (1894) ; and Oerman Pat. 215,017 
(1909); and U. 8. Pat. 979,887 (1910). 

^French Pat. 345,701 (1904) ; Jour, prakt. Chem. 75 146 (1907). 



(iUoUP V VANADIt'M 


2I(» 

nlc-c.hol (.> iil.lfli.vi** l>y ilH* !*ir. A h.iuII uHimini uf v.-uituliiun 
udtlctl to nililiiT iii'TiviwH its doioiiv. ii-. iHuu'ity, 

and dcmliloH its It-nsilo stn-nuilt. r ■" »■ "il- and 

waterproof. Vaii.-idiiim .ani.id.- iia,. li.rit turd a tdani.-i.t 
for it,ean.ic-.se....t laotps. Vaii.-idniiii -alv i- l.■.•,„n^l..•od.■d f„r 
liiirtm,and tin* penloxido lias .h limited o n- in lu■•■!i>•lt(>• in in-,at- 
lulMTctilosis and disoaM-.-i itu*- to d.-ffcuv nii!aholi-ni. 
The pli.VHioloKii'.nl of vanadimn ts uni.-wliaf douhtfiil. 

The c-otniiotinds am nsnaily i-onHid-Tod as p..i*.,,n.,u ’ an afltii-- 
tion railed vanadinniism lieiitM; ••aU'-ed l.v tu fnnx-s of 

V-jOj. The niannw-r of a larije vanadiiini pn.4«i<ii*i' plant 
(luestions the idea (hat vaiiadinni is i«*is.aiou>. in a manner 
Biiuilarto lead,isiiieeworkmen in his plant whohav. |.e. n.-'^l«.sed 
to vunadimn dust for five yean, dimv no Man of i«.i>.omuK.’ 
It in alHo elairned that there js no well defini-d ea,ve nf vanadinni 
poiHoiiinn Hhown in tlm hteralure. Vanadmm .hiers for lin- 
Hceil oil may 1 «* prepared hy healiiiK annnoninm vnnadafe with 
rosin or linseed oil.' This drier prodneeNa •.m*(«tth. tonah film, 
but. there is also some darkening of the od, 

Compounds. Vmiaditun forms a areal variety of rmn- 
[mimds. It i.M known in live rondilions of Mvidation us repre- 
Rented hy its five oxides, all of whieh are represented by salts 
eseept the wilioxide Vi), Tlu-re is abo imirh e.,i,fn-ion eon- 
eernina fhe names of ibese varioiiH i lassr-s of eomisiunds due to 
the fiiet that in fhe older liieratnre a different svstem of nomen- 
elature %vi»r emiiloyeil, 'rahle XXXI at tempts tu elassify the 
vnriotts eomi»omids ami i" show ih*' («‘!atioiiship hetween the 
tlifferent ehrsHes. In addition to the rlasJM's shown in the f able, 
vnnadimn forms many enmpli x eom|iomid«. «m’h as the |s4y- 
VHninlafes and fhosr* in whieh ViJs eondepM's with sin h oxides 
an PsOn MoOr. WO,. Hitb, He, In tlx* vanadvl eom- 

pniindx tlm radienl VO displays viiletie,^ of I, 2 , or d, formma 
rtatiR'etively sueh eomiurtinds a.s the iiiorwR hloride. VOt'l. the 
diehloride. VOfl,, and the triehlori*Ie. 'Hie divanmlyl 

radiea! V 3 O 1 also dwphivit varvinn valetiee. thoimb in the most 
eommnn derivative» of tliw ehuw it i.s ipiudrivah nt. ;is in divana¬ 
dyl tetraehloride, Vs(>*(’l«. 

* Mm§. mnd Mm. dmf. ft M , 4m.,: -1, lUll# 

* mnd Min, Jmt, §§ WJ, 

* Mid Cl^a* Jmmr^ ind^ mnd 14 (WMl* 
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>loa.cb.es indigo as quickly as chlorine. A neutral lavender vanadious 
^olvi-txon is as delicate a test for free oxygen as alkaline pyrogallate, since 

c^xiickly becomes dark brown because of the absorption of oxygen. The 
is sujfficiently stable to permit it to enter into combination as a radi- 
forming such compounds as vanadyl mono-, di-, and tri-chloride. 

Vanadium suboxide, V 2 O, forms as a brown coating when metallic vana- 
is exposed to the air at ordinary temperatures. At higher tempera- 
trir*os it is transformed to the other oxides. It forms no salts. 

JSf'itrogen forms two vanadium compounds, VN and VN 2 . The former 
m bine stable, metallic-appearing powder which Berzelius sometimes ob- 
tiLimed when he was attempting to prepare the metal. 

P^l%t,orine forms VFa • 3 II 2 O and VOF 2 , besides a very large number of 
cioxAlnle and acid fluorides. 

Cyhlorine forms the simple chlorides, VCI4, VCls, and VCI2, and the 
oxyohlorides, VOCh, VOCI2, VOCl, V2O2CI4 • 5 H2O, V2O2CI, and 
V.^OsCl2 • 4 H2O. 

The tetrachloride, VCI4, is formed when the vapor of VOCla is mixed 
wibbt chlorine and passed over red-hot charcoal. It is a dark reddish brown 
licixiid. which fumes in moist air and is decomposed by water. It has a 
apeeific gravity of 1.85 and boils at 164°. At ordinary temperatures it 
slowly decomposes, yielding VCls and chlorine; this reaction proceeds 
more rapidly at the boiling temperature or in strong light. 

The trichloride, VCh, is formed by the decomposition of the tetra- 
eliloride or by heating ¥283 in chlorine. It forms pinkish, shining tablets, 
rci»embling CrCls in appearance, which are extremely hygroscopic. It is 
non.—volatile, but when heated with hydrogen it first loses a third of its 
cdilorine, forming VCI 2 and later all, leaving the metal. It forms a hydrate 
VOI3-6H2O and sparingly soluble double alkali chlorides, such as 
VC 31 3 • 2KCI-H2O. 

The dichloride, vanadious chloride, VCI2, is made by reducing VCI4 
wibln hydrogen. It forms fine light green crystals which are exceedingly 
ci€*lic|xiescent and yield a lavender solution, which has marked bleach- 
properties and is a more powerful reducing agent than chromous 
cdiloride. 

‘Vanadyl trichloride, VOClg, is a greenish yellow mobile liquid prepared 
liy bhe action of chlorine on the oxides VO and V 2 O 8 or by reducing V 20 fi 
in atmosphere of chlorine. It fumes in moist air, and when a small 

amount of water is added it turns blood red due to the formation of vanadic 
acdci by hydrolysis; but on further dilution the vanadic acid dissolves, 
giving a clear yellow solution. When reduced, it yields vanadyl dichloride, 
VOOI 2 , green tablets, deliquescent; vanadyl monochloride, VOCl, brown 
powder, insoluble in water; and divanadyl monochloride, yellow crystal¬ 
line powder. 

JSromine and iodine form compounds similar to the chlorine derivatives. 

€J^rbon reduces V 2 O 0 in the electric furnace and unites directly with 
metallic vanadium, forming VC, which forms very hard silvery white 
cryebals. They melt at 2750*' and bum in oxygen. 

Vanadium forms a number of complex cyanides and sulfocyanides such 
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h^atiiig tlif mixad stilficlpK in hyfirogm nhlorkic, th(‘ volatile iirH(*nic chlorides 
dintillinK iiway at. laCJ®; or hy dintilling ofT the arnenh; in a methyl alcohol 

wdiitkaid 

Vanadiinii may he neimrahal from molybdenum and bmgHten l)y the 
lirecipitation af amriu»rnum meiavanadaUt by adding an exec‘HH of am- 
monitim eliloride tci a Holution containing an alkali vanadate, molybdate, 

and liingHlutc*. 

<lii arrtHinf of till* larg(* iturniier of colored cornpotirulH formecl by vana¬ 
dium, a grc*at many color tcHtn have Ixam Hiiggc^Hbal for th(5 identification 
u! thw i*k‘nii*nt. Some of thea^* are an follow.s:*— - 

fll If vanaditim nnlfide in dkHolva*d in 5 HK) cc. of dilate nitric acid 
and a few dropn a! li pvt cent H-O;! are added, pervanadic acid, HV()4, in 
forimni, recognii^abh* !>y itn orange to n‘d etdor. 

(21 Hedueifig agimta protince a Hue{‘eaHive change in coIf)rH“™'VgOi red, 
VC blue, Vs( t| black, VO gray, V gray. 

(2) Aiiimcminm chloride atldcul b) a neutnd or alkaline Holntion of a 
vimadfife preeipjtatea XH4V'’()^ eolorlcHH, yielding red V^Or, on ignition. 

(I) If a ery.Htid «if Hirychiiimt milfaie in addt*d to a drop of Htrong Hulfuric 
acid ami then a drop of a vanadium Holution in udde.d, color changeH from 
to nme are observed, 

(5) A viiriadium Iwirax in cok^rlcHB (^r ycdlow (depending on the 
lyiiciimi of %%aniidiiim preniait) in the? oubir flame, and green or brown in 
the inner, fjeeoining green on eooling. 

((h A delieale reagent for cieb'cting vanadium in nmall amountH in 
pared liy wanning CK2 g, diphenylanune in KKl ec. water. C ’ool and filter. 
Adel I ce, cfificent rated ffC1 ami I rr, (d thin reag(*rit to a dilute vanadium 
Moliilifin and A violist color apjiearH alowly, the time, recpiired and 

till* inteii«ity dep#‘mling on the anaamt of vanadium,^ 

A field Umi wliicit ia reliable for aimont all vanadium minerala in tlic5 
ilevel»|ini«*iit of ii rich red wilutiiai %vhen treabtd with concentrabid hydro- 
elilorie iieid. In cam* rd tliemheate orew the ecilor develofw nlowiy or on 
wiiriiiing. Ctfi f'lirfdii! dilution a green color ap|M!ar« for a abort time. If 
til** aoliitifirw are fad- too dilute hydr<ig«!ri |Hiro%ide eauaen tla^ (?olor b) reap- 
peiir. 

Eillfflitioii,* The i|iiantitiitive deternunation of vanadium i» eoni- 
filiffiteii, llie iirwi'ediiff* %m%l rleja^riding largely on thf^ amount and nature 
of tlir* itcroriififirtyiiig itilmtaiieea. The following hrief outlinc»ii are miggc^w- 
five: — 

(#riiviriii*trif'fttiy, wiiigliuiri m iimially woighml ita the fMaitoxide. Thin 
iiifiy In? obtaliieil liy igriiling thenmrnoniitm nietavanadabi, or mercury viiriii* 
flute or vatiiMlic ariil. Chipfemin w a fajpular and eflieient iirecipibwitA 

^ fcfiii Ehriicli, Brr, ii B 4(10 f 1022). 

* Arndm mte, tiuim, drffrmHnm, § !H^ C1017), 

* Hull, H% Ih S. (ieob Btirv., p. 90; W. F. Eleeckiir, and MaL Kng» 

f mm Ctill): mb W. Clarke* dhrm, and Md, 11 III CIIII3); J. Kent Bmith, 
Mmff* ami Min, Jm$r, fS IWM (11112) j Mi»ion. Btdt> Mm, cMm, Mel§, 31 123 
Cli22|; Seliaal# /eiir. Jnd, m.d Mng* dh*m, IS <11114 (111211, 

* Jw. Mci* 41 SSII 5 Jmtr, Ind, and Eng» dhem, U 3SCI (lifJCI). 
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CHAPTER XIII 


GROUP V —COLUMBIUM AND TANTALUM 

Historical. — In 1801, an English chemist, Hatchett, studied a black 
mineral which had found its way from the Connecticut valley to the British 
Museum. The mineral was found to be composed largely of iron, but it 
contained a small per cent of another element which possessed new proper¬ 
ties. It was described as forming “ a white tasteless earth, insoluble in 
hot and cold water, acid to litmus, infusible before the blowpipe, and not 
dissolved by borax.^^ Hatchett believed he had discovered a new element 
and suggested the name columbium, since the mineral from which it 
was extracted came from America. 

In 1802, Ekeberg, in Sweden, studied a mineral from Finland and found 
in it an element which resembled tin, tungsten, and titanium, but differed 
essentially from each. He proposed the name tantalum for the new 
element, because its characteristic insolubility in acids suggested the famil¬ 
iar Greek myth regarding Tantalus, since the substance when placed in 
the midst of acids is incapable of taking any of them up.'' 

The similarity shown by Hatchett's columbium and Ekeberg's tanta¬ 
lum attracted attention, and in 1809 Wollaston attempted to prove ^ that 
the two elements were identical. He prepared a list of similar properties 
shown by the acids of the elements, and claimed that the greatest difference 
was the specific gravity of the minerals — tantalite having a specific gravity 
of 7.95 and columbite 5.91. This difference he explained as due either to 
different conditions of oxidation or to different states of molecular struc¬ 
ture. His deductions were accepted, and for many years the element ” 
was called either tantalum or columbium. 

In 1839, Wohler showed ^ that the acid obtained from Bavarian tantalite 
had strange properties. In 1844, Rose concluded ^ that certain columbites 
yielded two distinct acids, one of which resembled the acid prepared from 
tantalite and another which differed in properties. He considered the 
latter a new element and suggested the name niobium from Niobe, 
daughter of Tantalus. The individuality of the two elements was gradu¬ 
ally developed by Hermann, Blomstrand, and Marignac, but the final step 
in the proof came in 1855 when Deville and Troost determined^ the for¬ 
mulas of certain columbium and tantalum.compounds by vapor density 
methods. Columbium and niobium were found to be the same element. 
The name niobium is commonly used in Germany, but in England and 

^PhU, Tram. 92 49 (1802). 

® Pogg. Arm. 43 91 (1839). 

^lUd. 63 307, 693 (1844); also 69 118 (1846). 

^ CompL rmd. 60 1221 (1865). 

223 




224 (Hiol'l* V I’fii.l'MlurM \M» 't 


lltf* ruifr?! flir -.,.••.,•1 vr. 

illif^*rt:illt «’Vrl|t III fiir f ■ ,■-./■ , 

#tiiiiiiirf4i^if0.* 

Occurrence. . Tin* r-i.ina.iinii i 

fiHiiiii in JiiiUiv r:ir»-ij»H»'!!jli! 






,•'. 5 


U. 





1 


i * \ . ■■ 

‘^•i .4-’ 


?. • 


M. , 1., ^ 

444 ! 

k 

;,.-rv 



f r . 


'■•ifr 

1r. 



U^Ui f.f* ^ 


.4 


;i3n' 


4r|* 

f 

Jn.j; 0), 


alsf 

|?T;i 

v^! 

fr 



wtirflirt*, iir*’ 

to hr of liliV ^js, . 

IIir»||fH uro ftiMlp! Il'4 if4'fs|li;if.r- 

Fur f}4*’- $h$hr 

t4i* icriiiifitiiirir^' it'* i4s(»fiii:il .« 

Ilf iifiirly j.»iirr uliir. 

}ilmw}mrt r»f tfir 

r<lfll|llirif||ff#, f.llt J* t:i!|p-r ru:tf-< 4 j 4 

gil'rii Niliijilr rifjirr I, 

drtiiflit w!iir‘|i |ir*^4^^ir»ii4tfr-:4t ’|i,.. 

quiff nnifnrriUv » t)s<- |«-t .-.-.jj? , < 1 :.su*,;»|.!hi, »s>rfi-:,,=«■■;• nj, 

fntn|wti«jti»*i) i4 nny }«• Uti.ut il» 

rt'lufivf Wl*lK,)|f , ( lj«nn<-. Ct ij.iSt* j ;*]> -tt,- fi..|i,,| |j, 

wilifli «»nlv trwrrt j,f . 4 *,- ,4 
fhr* |irii(rii»,il nHrK r il** at*. f»l}.,st.H 


^ r C T^t l♦;i ^ 

Fmrlikrr 

(Y, Ff, c V i :f* l/r'ii' ■« 

CFp, V F r». 

Kotihii.. ir’vr'My., n.-rr,,,.., 

l*»H'rr«*r ir-d'My, aij," , :»n.,, 


Thr nrw «rf (.*r if,.,, 

fhw l« ««w „M U.f ' 1%, 

»f 1a*C)» nm» fr.„„ 

4i| p.., 

„„ 


l'«.#’i|Si>fi 

4 frfl- *gf 

f-r.r* 


4 t- ,V;? 

■ c 



1; 

1 

mi 1 

II 

1 11 

II .V. 

if */? 

1 % , 1 ,“^ 

I** 

■ 1 











COLUMBIUM AND TANTALUM 


225 


10 per cent. Tantalum ores are also found in Finland, Sweden, 
Norway, Russia, Bavaria, Italy, and Malay; also, in Maine, 
Massachusetts, New York, Pennsylvania, Virginia, North 
Carolina, Colorado, and California. The demand for tantalum 
is relatively slight and irregular, so most of these deposits are 
undeveloped. The production from all sources is subject to 
great fluctuation. In 1907, Australia produced ore valued 
at £327, but in the years 1910-13 no production is recorded. 
The amount produced in the United States is so small that it 
is not reported among other mineral resources of the country. 

The price of tantalite quoted in March, 1917, was $250 per 
ton of ore guaranteed to contain at least 35 per cent of combined 
columbic and tantalic oxides. Material containing 65 per cent 
Ta206 was quoted at $15 per unit, which is equivalent to 
$975 per ton. 

Extraction.^ — Columbium and tantalum are extracted from 
their ores by fusion methods, since their salts are characterized 
by insolubility in acids. Hydrofluoric acid is used as a solvent 
for these elements in a few special cases. The following methods 
have been used: — 

(a) A high-grade ore containing little titanium is fused in a 
nickel or silver crucible with six times its weight of KOH. After 
cooling, the melt is dissolved in water, HCl is added, and the 
extract boiled for 20 minutes. The oxides of columbium and 
tantalum, mixed with varying amounts of tungsten, tin, and 
silica are filtered off and purified. 

(b) Bisulfate fusion in a platinum or quartz crucible is recom¬ 
mended for minerals containing a small amount of columbium 
and tantalum, especially the complex minerals such as the 
titanocolumbates and -tantalates. The mineral is added to 10 
times its weight of NaHS 04 and fusion continued until dis¬ 
integration is complete. After cooling, the cake is extracted 
with a large volume of acidulated water, and the residue digested 
with ammonium sulfide to remove tin and tungsten. To re¬ 
move silica and titanic acid evaporate with HF and H2SO4, 
pour the mass into water, nearly neutralize with ammonia, and 
boil 3-4 hours with salicylic acid. The precipitate is fairly 
pure Cb 206 and Ta 205 . 

1 See SchoeUer and Powdl, AnaXysh of Minerals and Ores of the Barer Ele- 
mentSf p. 138. 
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remaining tnntalmii is nmdered insoluble. The ignited nisidiie 
is moistened with strong hydrofluoric acid, taken up with water, 
and the r(*p(»ated until tantalum is all removed. This 

method is useful for removing a small amount of tantalum from 
cohnnbium matcuial. 

A mo<!ifieation ^ of Marigna(*^s inetho(l a(lds a saturatecl solu- 
lion <^f K(d in phna^ of KF, th<i s(^|)aration being accomplished 
in the sanu* manner. 

Iron and mangunc^He form coriipoimds whi(th are isomorphous 
with K*/rnIA and ai’C‘ then^forci not rernovcul by Marignae/s 
method. Ont* met heal of H(‘parat.ing th(iH<^ ehumaitH is to dccotn- 
pcKS(» the fluorides with eonceutrated H(U, add IIF, and then 
NliiF whem tln^ mangan(‘se and iron are pr<‘e,ipitated. 

A mixture of the oxidf»H of columhium and tantalum may Ixi 
separairnl by digestitig with a 1 : I mixture of selenium oxychlo¬ 
ride and ecHKamtratcHl sulfuric acid. The columt)ium dissolveB, 
halving t!ie tantafum imaffca-hal. This treatrnemt rrmy bo made 
(fuariiitat iv(* by repcaiting thc‘ process sevca-al tinu^H, l)Ut if 
titanium is present it is extrai^Ual ahmg with the colurnbium/^ 

Metallurgy. ( 'olumbium may he prepared in the metallic 
state in Hrtveral ways: - - 

(1) Blianstrand first prepannl the metal ^ in 1800 by the 
reduction f>f t lie chloride witli liydrogen. A mirror-likc^ deposit 
whi«*li doiibtIi?ss coritiiirm the hydride forms in the tube. 

(2) Boniewliiit more pure eolurnbium may be obtained by 
passing a mixture of CbC’b vafKir ami liydrogen through a hot 
f4ilie. 

(Ji) Ilediic*iiofi by the thermit process yields a product con¬ 
taining alKiiit three fMir cent aluminium, but this metal may lie 
removef! by heiiiing the alloy in naamJ^ 

(4) Elect 4 tilysiii of a solution of potassium fluoxy-cailumliiite. 

(5) Itediicdiori of the oxide with misch metal 

(II) A ifiixtiire of C]bO^ and piirafTiri may be pressed into 
threiids atid rediMfcd by the lieating effect of an altciriiiite cur¬ 
rent in a viicimifi. 

Tmiiftlum was fiwt prepared by Berxelius and HosOi who 
hcfitcMl potfifisiiiiifi ffiiotimtalata in a crucible with metallic p€d.f«4- 

» ftfirl Wlnmr, Zmt. amm. Cfmm. ti IJ7 (10IS). 

s fL li Mi*rrllh Jmtr. Am, Bm, m 2S78 (li2l). 

/#f. r*him, m 37 ClHIia). 

* Vea IWUM, Z^U, m (l§07). 
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sium and washed out the potassium fluoride with water and 
nitric acid. Recently a similar method has been proposed by 
which sodium fluotantalate is reduced with sodium.^ 

Moissan^ reduced Ta 205 with carbon in an electric furnace, 
but the product contained both oxide and carbide. The oxide 
has also been reduced with misch metal and by molding into 
rods with paraffin and heating in a vacuum by an alternating 
current. 

An English patent (1906) describes the production of pure 
tantalum by electrolysis of fused K 2 TaF 7 in a refractory crucible 
of magnesium oxide or tantalum oxide, using pure tantalum 
metal as cathode and the impure metal as anode. A French 
patent (1907) claims that very pure tantalum may be prepared 
by electrolysis of tantalum material in a 3 per cent solution of 
H2SO4. The electrodes are platinum or carbon and a current of 
0.1-0.3 ampere at two volts is required. 

All of these methods produce a relatively impure metal, 
usually in powder form, which may be purified by thorough ex¬ 
traction with water and strong acids. The powder may then 
be pressed into bars, subjected to heat treatment and final fusion 
in a vacuum furnace. The high temperature required for fusion 
aids in eliminating any residual impurities. The metal is now 
prepared in commercial quantities with a purity of at least 
99.5 per cent.^ 

Properties. — Metallic columbium has a steel-gray color and 
a brilliant metallic luster. Its hardness compares with that 
of wrought iron, but it is lighter in weight, more easily fusible, 
and softer than tantalum. It is malleable, ductile, and it can 
be welded at red heat. In the powder form columbium oxidizes 
rapidly in the air, but the compact form is more resistant, prob¬ 
ably due to the formation of a protective coating of oxide. 
When heated in the air it combines slowly with oxygen, forming 
Cb 204 . It combines with hydrogen, forming CbH, a metallic- 
appearing solid which resists the action of acids, but burns in 
the air. At 1200° it combines with nitrogen and with chlorine 
at red heat. It is unattacked by hydrochloric or nitric acids 
or by a mixture of the two; hydrofluoric acid dissolves it to 
some extent; a mixture of nitric and hydrofluoric acids is a fairly 

1 Mining Jour. 80 363 (1906). * Compt. rend. 134 211 (1902). 

® C. W. Balke, Chem. and Met. Eng. 27 1271 (1922). 
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good solvent, and it reacts readily with fused alkalies and fused 
oxidizing agents. 

Tantalum resembles platinum in appearance, being somewhat 
darker in color. Its melting point ^ is the highest of any metal 
except tungsten. The worked metal has a specific gravity 
of 16.6. The pure metal is remarkably ductile and ^malleable 
and possesses great toughness. The tensile strength is very 
high, a fine wire giving a breaking strength of 93 Kg. per square 
millimeter, more than copper, nickel, or platiimm, but less than 
molybdenum or tungsten. Tantalum may drawn into wire 
a few mils in diameter without intermediate annealing, although 
the metal is subject to strain hardening, like copper and silver. 
Tantalum, however, resembles tungsten and molybdenum in 
permitting severe working below the equiaxing temperature. 
The pure metal maybe nearly as soft as copper, but the hardness 
is increased by heat treatment, dissolved gases, or small amounts 
of other impurities. Hardened tantalum approaches the agate 
in hardness and carries a keen cutting edge, but the hardening 
of the metal may be carried to such a degree that it becomes 
brittle. The linear coefficient of expansion is slightly less than 
that for platinum, hence it may be sealed into glass. The elec¬ 
trical resistance is three times that of tungsten and eight times 
that of copper. When a strip of tantalum is made the cathode 
in an ordinary electrolyte, the current passes without interrup¬ 
tion ; but when this metal forms the anode, it is quickly coated 
with an irridescent blue oxide which seems to offer great resist¬ 
ance to the passage of the current. 

When a bar of the metal is heated in the air, the surface turns 
blue at 400°, and at 600° a grayish black coating appears; while 
at higher temperatures a layer of the white oxide forms on the 
surface, while a thin wire will burn slowly at high temperatures. 
The powdered metal if heated red hot will decompose water. 
When tantalum wire is heated in hydrogen it absorbs large 
volumes of the gas, 740 volumes being taken up at dull red 
heat. If the wire is then heated to full red in a vacuum, about 
three-fourths of the hydrogen is expelled. The remaining 
hydrogen seems to form compounds which are metallic in ap- 

1 Von Pirani and Meyer, Zeit Elektrochem. 17 908 give 2850°; Waidner 
and Burgess, Jour, physique, 6 380, give 2900®; recent determinations give a 
slightly higher value, 2910°. 
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pearanccs Htahlfs 1 brittle*, Hiu! {»f hii^lt riml rpsi-Hijiiit'in AH 
the hy(’lrog(*n is only at l!i*» fusian tiiitponit liroJ IVin- 

tahiin enmbin(‘H readily witli earhori^ ftirinini^ earbidis whirh 
rendca’ tlu^ inr*t.nl briltlfa and nl dull rediir*HS it eoifi!fiiif*,> diri^etly 
witli nitrngeii arid <*Id<H’iiie, It resif^is tin* afiafk of all Miiigli* 
iieidHj «*xrc‘pi hydrofluoric' and boilini^ c*ofii*(*iiirMteii >iiilfiirif% 
wliieli atfac'k it slowly. Acpia ri‘aia. is wilhoiit i-'ffini nf all 
' teniiK'nit un'S, bnt a inixiure i»f tiydrofliiorie and nit He arid 

disHolvc*H thc‘ iiH'tal readily, Scdiitions of tin* aIka!ir,M have* no 
1 _ efTeet ufion tuiitulunn but it ts aftaeked by fiea*d a!k.ali«*H and 

' i alkaline iiitrateH. Molten niilfur in said to have litf !«* on 

w| I tantalum, but tint vapor of sulfur probably rf*aets with it. Ab 

.loys with iron, tungshui, iiiolyhdeniiiii, and otlif*r nietalH are 
ijb; formed. 

I:!; . Uses, — Columhiulii apiKairs to have no eoiriirif»rc*ial usr»s at 

tlie present time. A patemt- was grantt*d in the rriited Stales 
in 1916 providing for the use of from II.I lo III iier eent of eoliun- 
biiirri its an alloying iiiidal for t ungsteii t-o In* used iii I he prepara¬ 
tion of ineiiiideseent ftlatnimf s. 

Taniiiltirii, having pr<»|Maiif*H similar to those nf eoliiitiliiiiiri 
hut being l>ofh more alaindaiil and more* primoitiifecl in its 
deiiriilile firoia?rties, semna destimsi In li!l ii iiiiicdi wider field 
of UMiftilriess. 

The first mieeessful use of tiintiiliiiii wan m fi filfirriefit in tlifi 
irieandemawit lamp industry. Hie eiirbm filiiineiit Iiiitip liiid 
found no eoiiifa^titor for rnitiiy yimm, iiriiil in ISfIS Welslinrdi 
made the fimi tnetid ftlammit lamp of fisifiiinn, 'Iliese filii- 
mtnti were very fragile ami ei|iefisivi% roiif^a|iieritly ttiey never 
mme into gcuifiral tim In 1^13, llie first Ininps eoiitaiiiitig ii 
drawn metal ilament were pn^piired tty the it« tif 
wirt, TIi«i kmi^ were iilrnosi twiee m ertiideiit (mm Tiililci 
XXXV, p.*277) m the old earlimi filiiiiieiit^ iiiid cjuiekly 
pipmkr. The fiimt kmp« eontamed a filiimeiit witli fi tliiiiiieter 
up to 0,!^ mm*, but m better tnelhwk wi^re ilofiilcipict for clrtw- 
ing the wire the diameter wm wmetiiiir^ lesn Itiiiri iJ2 imiii. 
Sinee tantaliirn haa a lower apeeifie mkiimim fhaii carlMiii, th© 
metiillicf filament muit have aticitit 2 | tiiiien the liiiigtli fttid § 
the diameter m the carbon filamiiiit fur ef|tial voitri#* aiifl mmlh 
nower. Tlift of tliii filfiftiMit fiill mhim in itlftiMi fji 
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thp pcani, m tliai tho (l()ul>k‘ loop farriiliar in carlxxn 

filuincaitH in iniposHil)l{^ in thc^ taritahiin lamp. To pcnanit tho 
UHO of a lon^, thiri filainfait th(^ .spider support was devised 
and the* filament arran|»;{‘d in zigza^i; fashion upon it. This has 
tlif^ acldc‘d advaidage of pca-initlJug thci use of t.he lamp in any 
poHiiion. It is claimfsl that 103,(KK),{>()() tantalum lamps were 
Bohl during the yesars 1903 11. In later years the tungsten 
filament has (mtirc'ly displaced those of tantalum. 

Tantalum tools have* r(‘cently attracted mu(;h attention, es- 
pcH’ially in dentistry and surgery. The rnet.al is hardemed by 
alloying with small amounts of sueh other (‘hunents as alumin¬ 
ium, fitanitiin, tin, boron, siIi<*on, liydrogmi, or oxygen. A 
pro(‘(*HH rc^H(*mhling eaH<*-hard(ming is soimitimeH apf)li(5dd It 
is elaimed that tantalum tools are superior to st erd for the rea¬ 
son that they do not rust, that they may he st.cnllized in acids 
or in II moderate! flame, and that they retain their cutting edge 
elTectively. 

As a 8til)stitute for platinum, tantahim is tisable! in many 
ways becaiiise of its re^sistanex! to mvnmlon. The first cost is 
much h»ss than tliat of platinum,'^ hut the! use has not Inxm 
popular even in tirnem of platinum shortage! douhtless because 
tEntalum Hc*rap lias little value!. 

Pens made* of tantalum are! eHpec!ially servie’xmhle Ixicause! of 
thf! edasficity, hardric*ss, and resistance to corrosion. Tho manii- 
faedurers of inks have! not yed, he!eri aide! to prepare a suitable 
writing fluid witlioiit tiie use! of e?ormidoral)le free acjieL As a 
conHi!f|U(!iie*e sf.ei*! penis eairrode (|uickly. An acid-resisting 
mefiil has decieled advantage!^, and wlmri tho tantalum tip is 
liarcleneal in orih^r t4> reahie!!! tlu! wear, increiwod (^ffictioncy is 
«'?curcML 

Elecdrcxles of tant,aliim may l:m used for thc! removal of silver, 
copfxir, zinc, nickel, iintimony, or platinum from solution since 
tliine inetiils may te dissolved from tho elo(?trode8 by acids or 

fifpiii 

As a itiateriiil for making standard weights it liiw the acivan- 
tiigfi of high 8fMX»iic gravity anel resistance to corronion. 

Tiiriteliiifi will doiibtloiis find application in raxlio nanciing and 

BriL Jmm M 724 (lOIl) and />r«l«| Bm. ti 1210 (lill). 

• III lilH tmritdiirii mmmlm mM tm ttfamt M pir irwii* 

»llniaek, Ck§m* W, 1232 C1013); Oi^terktlfl, ZA it iSfi 

(lilS). 
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rm.nviiiK |>:iftif*iil;trly in h 

inrrna.^ntl by thn ability thv mrijil In rbi’^^arli !ir»t- 

ifi^ UH ilH invii nu4 ummtimi'mu, n viivnnm I'qnilih- 

riiiiii ill bulb. 

Fnrli.’ipH flic* npiilmtittm *4 fjintnlniii nii 

I*li*rtri>lytii‘ valvf* iii miifuim lirvirr-n, A vr-ry H«ri|4*- arraiip^- 
liicnil givc'H A nf h^ml ui tniif'i- 

liiiii form tim ;iii«i Hiilfnii** of flu- r’trrtmlh onii- 

mirily tiFOfl m battb** rb*rtrii!vn*, \l'}i«ii Miib 

II Hy.^fi*iii roimortrd iviih tli** n^n:il ali*naiatif#|i: !i^litiii|^ rir* 
niif, tlio flow of riirnnit iti }h iif4ifit*“rfii|ii***l mpi 

in iilmf»?^t imtirnly tail «»fl m t!i»* *»ibr'f, flriir-r. flirri" .*i 

fiiilHiitiiig (liriai riirr*iit %vbi*’!i i-h tan'Virrnbb* (or r|i:irg,iiill baf.* 
tl'♦ril*H, loll of iii#-'t;il'‘« lit'kA 'Iiio rfli* 

ri«'*i«*y of Hiirb ii roriifitT favorably m-if!t tliiif i#f <it|ii?r 

liwl iiii-H iIh' mlvarOag**-*’^ *4 .:iltiiir«4 niitiiiiiliai lifr, llio 
only firn* rm|iiir*a| r^ fbr orr’a^somil a«blitioii of a liltlr «liHl.il!i»f! 
wilt nr til I bn nlnntrolvfiv lln* of fti*- liglifilig rirriiit 

.hIioii 14 bn flit thiwn to IH or bv ?i traii^liifisp’r, 

Tiiiitii}iliii iilloyi^ rivplily m'ltli inativ inni-ilst, Miirti m irriii, 
iiiolylwlfmitm uml tiiiiic^Arri. iVtriifriiiifilniii if« mmh* t-*y n** 

dyftioii of It iiiiiifiirn *4 taiitalito 'iiiil iri#ii off in im rlnrtrfc 
fiiriinrn. If^ Um bnm tri«ai in^ ibr iipbi^try,^ A mipiI! 
|mr rniii of timtnlmn him n i^flnrt iij-i«':»ii ibr |irii}'inrtif*i 

Ilf tin nllny iirnl it# it# ii t*iiir#titiiimt #4 iillov# imiy I#’rxjii’fii'’t| 
tu iiirrrwn iiiitfrriitlly, An watb ni*Anl t‘tititiiifiiiig $m 

iiiilfh ii.« 411 f-rr rntif liintiilniii hm #oiiin #ifikiii|,i; 

Ttin rriiigi'if I if f|tiiilily «4 inrkf*! n* birAttit niifl tfir ii||f.ty inny |g* 
liiminil ill tbn iiir t»i fiigb wtt}ii»iil ii^iiliitirun 'f| 

i« mil iiltiirfcnti by l##iliii||. iiriil# or rr^m ; ii m tmmh iiimI 
iiiiiy lin r«lln<l «r liiiriiiiirml nii#ily. It m nm*h bv mmim tbn 
two flirt Ilk in |#iw*lrrr4 forffo ritrn|wr-«#irit iit Ingti 
ftiid liriiling tii u tpturtu UiU* m n topiPiiti, iMlii-r *1 

tlllltiiiiini liiiw for r|«oi,rir biliifi jibttfirnls. tfr 

rirrf rnili#!^ ii}iitrk mml fitbrr wtinr fr#kl.tti»rr tii cur- 
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Tantalum pentoxide is unchanged at high temperatures and 
it has been suggested as a refractory. 

Compounds of Columbium. — In the majority of its com¬ 
pounds columbium is pentavalent, although it is sometimes 
trivalent and its oxides present some resemblance to the 
oxides of nitrogen. There is a marked tendency to form oxy- 
compounds. 

Oxygen forms three oxides of columbium, the dioxide (or monoxide), 
Cb202 (or CbO); the tetroxide (or dioxide), Cb 204 (or Cb02); and the pen¬ 
toxide, Cb206. The most important salts of columbium are derivatives of 
the pentoxide. 

Columbium dioxide, Cb202, is formed by the partial reduction of potas¬ 
sium columbium oxy-fluoride with sodium at a high temperature. It 
burns in chlorine, forming CbOCL, liberates hydrogen from HCl, and is 
so metallic in appearance that Rose mistook it for the element. 

Columbium tetroxide, Cb204, is prepared by heating the pentoxide to a 
high temperature in an atmosphere of hydrogen or in the presence of magne¬ 
sium powder. It is a powder which appears black or blue under different 
conditions, and is not attacked by acids. 

Columbium pentoxide, Cb206, is a white infusible powder obtained by 
treating the potassium columbium oxy-fluoride with sulfuric acid and 
extracting with water, or by ignition of columbic acid. It is generally 
amorphous, but on strong ignition it becomes crystalline. It becomes 
yellow on heating, is non-volatile, and is not reduced at the temperature 
of the Bunsen burner. It does not dissolve in acids except hydrofluoric 
acid, but is dissolved by fused potassium bisulfate. 

Columbic acid, HCbOa, is obtained as a white amorphous precipitate 
when a strong mineral acid is added to a*water solution of potassium hexa- 
columbate. It dissolves somewhat in hot concentrated sulfuric acid, is 
readily soluble in hydrofluoric acid, but very slightly dissolved by other 
. acids. It dissolves readily in alkaline carbonates and hydroxides; it is 
slightly more basic than the analogous tantalum compound. 

Columbates, analogous to the three classes of phosphates, are recog¬ 
nizable among the minerals: ortho-columbates, M 8 'Cb 04 , pyro-columbates, 
M 4 'Cb 207 , and meta-columbates, M'CbOa. Of these the meta deriva¬ 
tives are the most important, both in the laboratory and in nature. The 
mineral columbite is essentially ferrous meta-columbate, Fe(Cb 03 ) 2 . 
Many higher columbates are formed, of which potassium hexa-columbate, 
KsCbfiOu) • 16 H 2 O, is the most important. It is prepared by fusing the 
insoluble columbates or Cb 205 with KOH or K 2 CO 3 . 

Percolumbic acid, HCb 04 , is prepared by adding H 2 O 2 to columbic acid 
and warming. It is a yellow amorphous powder which'differs from other 
per-acids by the fact that warming is required before it is decomposed by 
dilute sulfuric acid. 

Flumine forms the pentafiuoride, CbFs, by the action of HF on the pen¬ 
toxide. It is known only in solution, but forms double salts which are more 
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not attacked by acids, even a mixture of nitric and hydrofluoric acids being 
unable to dissolve it. When heated in the presence of air it burns, forming 
Ta206. 

Tantalum pentoxide is usually prepared in one of two general methods. 

(1) When a tantalum compound, even the ore, is dissolved in HF and am¬ 
monia added, tantalic acid precipitates. This on ignition yields Ta 205 . 

( 2 ) A tantalum compound such as the fluoride is dissolved (or suspended) 
in strong sulfuric acid and the mixture heated to dense white fumes; on 
dilution Ta 206 is precipitated. It is a white infusible powder, amorphous 
when first formed but becoming crystalline when heated to a high tempera¬ 
ture. After ignition it is insoluble in all acids, but may be completely 
vaporized by ignition with NH 4 F. 

Tantalic acid or tantalum hydroxide is usually given the formula HTaOa, 
although the composition undoubtedly varies rather widely. It is precipi¬ 
tated as a gelatinous mass when the chloride is diluted, but it may be ob¬ 
tained in crystalline form by precipitation with dilute ammonia. When 
the crystalline form is ignited it glows brilliantly and forms Ta206. The 
freshly prepared acid dissolves quite readily in acids. 

Tantalates are numerous, and form important ores of tantalum. Of 
these the most important is tantalite, which u ferrous meta-tantalate, 
Fe(Ta08)2. These salts are all insoluble in water. Both ortho- and 
pyro-tantalates are known. In addition some important salts are deriva¬ 
tives of the hypothetical hexa-tantalic acid, HsTaeOw, whose sodium and 
potassium salts are soluble in water. 

Pertantalic acid, HTa 04 , is more stable than percolumbic acid. Its 
potassium salt is obtained as a crystalline white precipitate when a large 
excess of hydrogen peroxide is added to a solution of potassium hexatan- 
talate, KsTaeOia, and alcohol added. If sulfuric acid is added to the per- 
tantalate, the hydrated acid is liberated. 

Fluorine forms tantalum pentafluoride, TaFe, which resembles the 
columbium salt, being known only in solution. It forms important double 
fluorides. 

Potassium fluotantalate or tantalofluoride, KaTaFy, is formed by dis¬ 
solving tantalic acid in HF and adding the correct amount of KF. It is 
sparingly soluble in cold water but dissolves quite readily in hot water. It 
crystallizes from solution in fine rhombic needles which may be melted 
without decomposition. When a solution of the fluotantalate is boiled, a 
white insoluble oxy-fluoride of the composition 4 KF • 2 TaFg • Ta208 is pre¬ 
cipitated. Columbium does not behave in a similar manner, consequently 
this reaction is used to detect small quantities of tantalum in columbium 
material. 

Numerous double fluorides of the types M'F • TaFg, 2M'F • TaTs, etc., 
have been prepared.^ 

Chlorine forms two compounds, the pentachloride, TaCL and the di¬ 
chloride, TaClg • 2 H 2 O. 

Tantalum pentachloride may be formed (1) by heating a mixture of 


^ See C. W. Balke, Jowr, Am, Chem. 80 c, 27 114Q (1905). 
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(c) If sulfuric acid is added to the alkaline solution of hexatantalate, 
tantalic acid is precipitated, white, gelatinous, insoluble in excess; it is 
dissolved by hot concentrated sulfuric acid and reprecipitated on dilution. 

(d) Ammonia added to an acid solution precipitates tantalic acid (or 
acid ammonium tantalate). In the presence of tartaric acid this reaction 
does not take place. 

(e) HF dissolves tantalic acid freely, and if the solution is concentrated 
KF produces a precipitate of K 2 TaF 7 as fine needles, which are fusible, 
slightly volatile, and soluble in 150-160 parts of water. On boiling the 
solution there appears a fine white precipitate of K 4 Ta 406 Fi 7 , very insolu¬ 
ble and quite characteristic. 

(/) Tannin added to an acid solution produces a precipitate with a 
yellow color. 

Estimation.^ — Gravimetrically, columbium and tantalum are deter¬ 
mined as pentoxide obtained by ignition of the acids. It is customary 
to determine the amount of the mixed oxides together, then estimate di¬ 
rectly the subordinate element and determine the quantity of the predomi¬ 
nant element by difference. Gravimetric methods are tedious but are 
generally regarded as the most accurate. 

For the gravimetric determination of columbium, the material is freed 
from tantalum by the difference in the solubilities of the double fluorides, 
using the method of fractional crystallization. (See Marignac's method, 
p. 226.) Finally the material is evaporated with 1; 1 sulfuric acid until 
all fluorine is expelled, water is added, and the acid precipitated with am¬ 
monia. After ignition and weighing a correction ^ is generally applied for 
the Ta 206 present. 

Tantalum may be determined gravimetrically by a similar method. 

Volumetric methods for determining columbium are rapid and fairly 
satisfactory since tantajum does not interfere. But tungsten, molybdenum, 
and titanium must be completely removed. The methods depend on the 
reduction of pentavalent columbium to the trivalent condition by means 
of zinc, then the oxidation by standard permanganate. Taylor’s method ® 
makes the reduction in a Jones redactor and the titration in an atmosphere 
of CO 2 . Levy’s method'^ carries out the reduction and titration in an at¬ 
mosphere of hydrogen in a conical flask from which the air is excluded. 

, A colorimetric method has been proposed by Meimberg ® for the estima¬ 
tion of columbium. Most of the tantalum is removed as the fluotantalate, 
then the columbium is reduced with tin in a colorimetric tube. The amount 
of columbium is determined by comparison with a fresh standard solution. 
For samples of 10 grams an accuracy of 0.01 per cent is claimed. 

^ See Proc. Colo, Sci. Soc. 11 185 (1917); for determination of tantalum in 
alloy steels, see CompL rend, 166 494 (1918) and Jour. Ind. and Eng. Chem. 9 
852 (1917) ; see also W. P. Headden, Am. Jour. Sci. [v] 3 293 (1922). 

2 See Mellor, Quantitative Inorganic Analysis, p. 422; Schoeller and Powell, 
Analysis of Minerals and Ores of the Rarer Elements^ p. 132; or Johnstone, 
Rare Earth Industry, p. 60. 

^ Jour. Soc. Chem. Ind. 28 818 (1909). 

4 Analyst, 40 204 (1915). 

^ Zeit. angew. Chem.2A 88 




CHAPTER XIV 


GROUP VI —MOLYBDENUM 

The members of Group VI may be divided into two well- 
defined sub-groups. Of these, the A division, including chro¬ 
mium, molybdenum, tungsten, and uranium, is characteristi¬ 
cally metallic in nature; while the B division, consisting of oxy¬ 
gen, sulfur, selenium, and tellurium, is distinctly non-metallic. 
The metallic elements have high melting points and the metals 
are produced with difficulty, while the non-metals are gaseous 
or easily vaporized, with both the nielting points and boiling 
points increasing with increase of atomic weight. Each of 
the metallic elements of this Group unites with each one of 
the non-metallic elements, the compounds formed showing close 
resemblances. All members of the Group (except oxygen) 
form trioxides which have distinctly acidic properties. These 
trioxides form well-defined compounds of the type M 2 'R 04 , in 
which M' is hydrogen or a univalent metal and R is a member 
of this Group. In general the series of salts derived by sub¬ 
stituting a single metal for M, but varying R, are isomorphous 
with striking analogies. There are also many compounds 
formed, in which one equivalent of the basic oxide unites with 
several equivalents of the acidic oxide, such as dichromates, 
disulfates, diuranates, and polytungstates. 

The normal acids derived from the trioxides have a constitu¬ 
tion represented graphically thus: Not only may 

the hydrogen of these acids be replaced by metallic elements, 
but the hydroxyls may be replaced by negative radicals like the 
halogens. The chlorides so formed, such as SO 2 CI 2 and Cr02Cl2, 
behave like the non-metallic chlorides since they are promptly 
hydrolyzed by water. But as the atomic weight of the element 
increases, the stability of the compound becomes greater since 
the radical RO 2 becomes more basic. Finally in the uranyl 
compounds we fiind the radical UO 2 forming the most stable 
and best known uranium salts. 
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In the dioxides, the non-metallic members of the Group form 
compounds which are rather feebly acidic. The dioxides of 
the metallic elements are basic in nature; other basic oxides, 
such as RO and R 2 O 3 , are also formed. These oxides give rise 
to series of salts which are generally active 
reducing agents, owing to the tendency to 
form hexavalent compounds. 

The non-metallic elements combine with 
hydrogen and the alkyl radicals yielding 
volatile compounds. No such derivatives of 
the metallic members of this Group are known. 

In valence Group VI shows a wide varia¬ 
tion. ,Oxygen is almost always bivalent, 
though occasionally it is probably quadriva¬ 
lent. The elements sulfur, selenium, and tel¬ 
lurium are always bivalent toward hydrogen 
and the alkyl radicals, while in other com¬ 
pounds the valence may be two, four, or six. 

The metallic elements show a variety of va¬ 
lences, though all members of the Group have a valence of six 
in their most characteristic oxygen compounds. 

The relationship between the members of the Group is shown 
in Fig. 14. The blank space following tellurium is occupied 
by polonium and its isotopes. 

Table XXXII 

Physical Properties ^ of the Chromium Sub-Group 



Chromitjm 

Molybdenum 

Tungsten 

Ubanium 

Atomic Weight 

52,0 

96.0 

184.0 

238.2 

Specific Gravity 

6.74 

9.01 

19.13 

18.7 

Atomic Volume 

7.7 

10.6 

9.6 

12.7 

Melting Point 

1550°. 

2535°. 

3267°.2 

1500°.3 


Molybdenttm 

Historical. — The name molybdenum is derived from words appearing 
in both Latin and Greek literature, where it was used in rderence to any 

Se© also table by C. W. Balke, Chem. and Met. Eng. 27 1273 (1922). 

2 Lanpauir’s value. 

3 The melting point of uranium is given by various authorities aU the way 
from 800° to above 1850°. 


0 

I 

s 













cHinrr VI • 


2441 

liliit'-k fidiii^rnl %vhir!i n ir^MirL |<:t|i*-r IMu-. imn !^|^|i|ir«| Ih ''.iir-li 
113 g:'iii*i};i, :*fil»iiif-r, |j', I *4' vrntH 

Ilifr<‘ wn3 m* iiiii.?|.«- f *«■?-%%vi 

niiirr* thiif r.M -.iJmi/ir l^i 177"^ 

thll! by IliMli, b«k*n3lr %m\}} UiUi< ;&* j 4 tisrr«" .| r-^ilbuir 

iif’i«i iirid H j'i.trtls. hI'm< ;i« hI | flu' 

<‘lirtll ll«* li-’illis* Ii|!;»4*-|)■:»»’* 311-1 

riiiiKTiil wnn miIIisJ*' In 17^.7 llj»'bn f 

mid ill I7*.i7 KlHprofli rullrd f.*« !li«^ diib-t^-'in-r 

iind n«'id, mi*l r%i4:inir4 fl.^' 'td 

liiiiny «»f thr «'nijj|MiiiiidH mI ji4m|\ lidi-nijn^ 

Occiirrenc^.^ llif* r!ii**f iiir4vh«1#*ii^iiii ititiiy!i- 

<lf*llitr% r<t|it,'Mliill|| fd) l^*r *if ffix* l•|«’^li*«^l|t, 

FlnMiiOj, rMnt^iiiiiiig .'IT -Mi rrtii K, umi uiulvlwlir fir-lii^r* 
HfJliiidliiinH i'nl!i**i h * 4 \l*i* h ‘ T I lid’ K iiiiiiiig 

[)!■ rdl |,w»r riiit M«»< h., l|in*«‘idlv t|if» iiiifp^ral |♦;it*"filltr, t ’‘i(i,\|fif 

115 jmr mil \n**-uuiv *'«iniiii«-rri;ill;y iiinMir- 

tmif* 

III iMifiitit)ii iiif4ylii|i«iiiiiii tn Umn4 iii iunrit mri* itiiti- 

I'fiilH wliii4i fiiivi* ii«d fully ^4\u\iw\ jipMif iin iifi|ffift?iiirf’* 

im of lliolyb4*i»»llli. It II fr**«|iir||f ifi|r|il iif |||i* 

mm of ollifu* i%|M^ri«illv ill iron froiti wtnrli it fiiwlf^ it.,fi 

wny into I'tiifli |»jg iroo iiii«l II im.^ ktioii’ii to rimiinti- 

latr? to llio *'i{ 2K |i»*r rroi in from ftiriiiiri^ti'. 

It liWi y foiiiiil ill nppTmn\*y nmoiiiiiH^ in t}ir^. r«'*«ii|i|t^:ii froiri 
impiwf wiM^tiiig fiviir^.. fmt if. y twvm foomi in t!ic^ fro«* 

Tlif* litii'^nof li'ioiytMlofiiim nrp in iIm* w4iir i»|ii*fdriiifi. 

Till:* firiiirijiiil mtummeid om of inolyt«l»*iiiiiii i.% inolylwlrinli*^ 
wliirfi mnntm iintinfly in llnki*# %ftiirli nro o;piily 

friiitilr*, IniiVirig ir !4nWi ii.riiy i^irrak on jni|it*r iitnl ii i^liglitly 
griTiiinii nimtk tin jiorrrliiiin Tfio tmu^m 

1 iilirl L5 itiiii ftin ii|if*rjfii* gmvity b^lwwii -IJ 4*^. Ii 
gmfilijti* r!of«4y in }iliy#4riil fnit niny 

cliKtifigiiMinii friiiit ilif* lalirr tiy tfir* Mfn^oifir gravity! of 
fill! jicirc*i?!iiiii «iri*fik, fiii4 ilm furt iluii on liioiiitit infitiiiflrtnii^ 
ill Ii irltiw»d ftilm the* wlof of milftir flioxiflf* in riaiilily i#ljtiiiiir4» 
lilt! iifna4fi|ritif*fii of flift inifilytwlniiiifii siii|ii«ifry |irirw^|f*4 
vi?ry slowly for iniitiy ymm* iimkor^ wrr# iiiiwilliiif to 

i!i|rdiirifiit wilh muiyMmmn m ii wntijMirirfit of alloy 

III, <4' fltilril, 

» «r»n»bi*» 1»JW « iiiw^dp mitmtf «f 2 W- 2 2» «««J U nirwlt 

«s wjIIi lapff mmm 










MOLYBDENUM 


241 


because the mineral was mined in small quantities and a steady 
supply was quite uncertain. On the other hand those in con¬ 
trol of the low grade molybdenum ores were unwilling to begin 
mining on an extensive scale because of the fact that the demand 
was small. Consequently mining operations were confined to 
a few high grade deposits where hand methods were largely 
used. With the outbreak of the European war there came a 
sudden and extensive demand for steel hardening metals, which 
directed attention toward molybdenum. As a means of stimu¬ 
lating production the British Government guaranteed a price 
at Ottawa of $1.09 per pound of M 0 S 2 in 85 per cent concen¬ 
trates. Under the stimulus of high prices and heavy demand, 
the molybdenum industry grew rapidly in various parts of the 
world so that production increased at an enormous rate. 

The business depression which followed the close of the war 
was particularly disastrous to the molybdenum industry. The 
demand for molybdenum products was suddenly cut off, stocks 
piled up, and mining operations were almost entirely suspended. 
This natural condition was doubtless exaggerated by the fact 
that in 1917 Great Britain bought nearly the entire output of 
the Norwegian mines in order to keep the material from going 
to Germany.^ The price paid was as high as $4.25 per pound. 
After the war this accumulated stock was thrown on the market 
at greatly reduced prices. During 1919-20 there was almost no 
production of molybdenum in either the United States or Canada 
and no importations, in spite of the fact that the low rate of 
exchange made high grade foreign molybdenum available at a 
surprisingly low rate. 

Molybdenum ores are widely distributed over the earth^s 
surface, workable deposits being found in Norway, Sweden, 
Finland, Saxony, France, Italy, Belgium, Spain, South Africa, 
Newfoundland, Canada, Australia, New Zealand, Prince of 
Wales Island (Alaska), Peru,^ Japan, and the United States. 
Deposits are known in New England, New York, Pennsylvania, 
Colorado, and California. Up to recently practically all the 
world^s supply of molybdenum came from Queensland, New 
South Wales, and Norway. In 1910 Queensland produced 
50 per cent of the world's production, in 1915 the United States 

1 Eng. and Min. Jour., Jan. 18, 162 (1919). 

^ Otto Wilsoa, Chem. and Met. Eng. 26 700 (1922). 
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15 to 30 cents per pound. In 1908 high grade molybdenite 
containing 90-95 per cent M 0 S 2 sold in the European market 
for 32-38 cents per pound, but the price rose steadily until 
in 1915 it was |1.20-$1.85 per pound. In 1917 small lots were 
sold for $2 per pound. Following the war the price dropped 
rapidly, and in New York in 1919, 90 per cent M 0 S 2 sold for 65- 
75 cents per pound; this price prevailed in February, 1923. 

Extraction. — The extraction of molybdenum salts from 
native ores may be accomplished in several ways, some of the 
methods which are in actual use being secret. Naturally, the 
method selected will depend upon the kind of ore, the other 
metals present, and various other considerations. Some of 
the available methods are outlined as follows: — 

I. From molybdenite, the extraction may be made in several ways, 

(a) The mineral is roasted as long as sulfur dioxide is given off. The 
residue which contains MoOa is leached with dilute ammonia and the 
solution evaporated until the ammonium molybdate crystallizes. Japanese 
patent 37420 (1920) extracts the roasted ore with NaaCOs solution, then 
precipitates calcium molybdate by adding CaCbJ (J>) The finely ground 
ore is heated with nitric acid and the MoO® dissolved in ammonia, (c) A 
current of chlorine is passed over the dry pulverized ore at a temperature 
of 268°. The molybdenum chloride distills over and may be separated 
from sulfur and other chlorides by fractional condensation .2 (d) A British 

patent describes the extraction with an alkaline sulfide or polysulfide solu¬ 
tion which removes the molybdenum from the ore as the soluble thio- 
molybdates. These may be converted to the molybdates by acidifica¬ 
tion or by contact with more ore. 

II. From wulfenite the extraction of molybdenum presents greater 
difficulties because of the larger number of metals present. This considera¬ 
tion and the facts that wulfenite has a small molybdenum content and is 
at the same time much more rare than molybdenite, have led to the predic¬ 
tion ® that wulfenite will not become an important source of molybdenum. 
On the other hand the wulfenite has the advantage of containing other 
valuable metals, the recovery of which materially decreases the cost which 
must be assessed to the molybdenum. Previous to 1915 most of the Ameri¬ 
can material was obtained from wulfenite, but fully 90 per cent of the pres¬ 
ent supply comes from molybdenite.'* 

The extraction methods applied to wulfenite may in general be grouped 
as follows: (a) acid leach requires a large excess of strong acid in order 
to bring the material into solution, then much alkali to neutralize the ex- 

iSee, also, U. S. Pat. 1,403,477, Jan. (1922). 

2 U. S. Pat. 1,398,736. 

® Min. and Scientific Press, 117 529- 

^ Ohem. and Met. Eng. 21 364 (1919). 
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deiuiin Hulficlc^ mit throwri (if>wn. This method works well in 
{|ualitative Miialysis. 

Irofi limy he naiiovaal by the hydrogen sulfide pressure bottle 
preeipitiitinn, hut u much more eonvcuuent method is to oxidize 
tlic! iron to tfie ffurie condition, tlien pour the solution into a 
hot 10 pcu* cent soluticm of sfxliurn hydroxide. Hoil for a time, 
cool, filtcu*, and wuhIi thf‘ f(‘rric iiydroxid(i tlioroughly. If much 
iron is pn^scuit tin* pnaapitate should he dissolved in acid and 
tin* prc!cipilation n*|)c*ated. Iron may he succcissfully removed 
by two or more pn*cipitationH witli ammonia, 

Armnie (or phoH|)lioruH) may he removed by adding ammonia 
to tlie Hcjlution cfuitaining ars(‘nic (or phosphoric.) acid, then 
adding magnc»sium chlornh^ mixture slowly and allowing the 
[in*cdpitaled inagneHium ammonium arsenate (or phosphate) 
to HCittlc* overnight. F<n-a compkih^ separation ih(^ pnasipitate 
shoukl Im dissolved in mud ami the process rcipeatcid one or 
more* times. Arsf*nic lias also heem rcanoved from molylxlenum 
by dislilling ofT tin* volatile chlorides with strong hydrochloric 
acid in the? presenc'f* reulucing agents, 

Aniimmnj may he se*|)aruied from molylxlenum by boiling 
the solution of tlieir clilorides, (containing an (excess of HCl 
but no riiirateH or sulfates, with slxcet lead. Mcctallic antimony 
is precipiiatcHl while* molybdenum is rc?du(?ed but remains in 
solution. 

Tin is li*ft in solution if molybdenum sulfide is prcKdpitated 
in ttif! pricsimcf? of oxalic acid by hydrogen sulfide in a pressure 
bottle. Inorc*s if (ciissiierite is premmt, it may l>e left with the 
iiisoliible residue by dissolving the molybdenum with an acid. 

Ttmgnien may fie m*piiriite(l (1) by preecipitating molybdenum 
siilfidt? under pmmum in the presencce of tartaric and sulfuric 
acids; (2) by eviiiKiriiting a solution of sodium rnolylidate and 
tiiiigstiif.e to drynew, heating with an ex(?ess of Hulfuric acid, 
tlien adding a few drops of nitric ac?id to reoxidize the lower 
oxides, mid dissolving the molybdenum in water. The tunptic 
iicici in not dissolved; (2) by dissolving MoOi from a mixture of 
the trioxide Iiy milfiiric acid of specific gravity 1.37; * (4) by pass¬ 
ing 11(1 over the oxides at 250®-270^, the volatile MoOi * 2 HCl 
is distilled away;® (5) by precipitating tunpten acid with 

I Jmr. Am. Clmm. Hm. %% 171% (IflOC)). 

1 mnd. %U 173 (IS02). 
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stannous chloride;^ (5) by dissolving M 0 O 3 from, a mixture 
of the oxides by the use of selenium oxychloride^ in which 
WO 5 is insoluble.^ 

Metallurgy. — Metallic molybdenum may be prepared in 
several ways: — 

(1) By decomposing molybdenite in an electric furnace. 
The product contains from five to seven per cent carbon, of 
which about one per cent is in graphitic form. 

(2) If a mixture of molybdenite and the dioxide is heated 
in the electric furnace, the reaction takes place readily : M 0 S 2 + 
2 M 0 O 2 = 3 Mo + 2 SO 2 . This process is capable of producing 
98.5 per cent molybdenum with only 0.7 per cent of sulfur. 

(3) By the reaction of hydrogen on the hot oxide, chloride, 
or ammonium salt. 

(4) By reduction of the oxide by the Goldschmidt process. 
This produces a metal 98-99 per cent pure, containing small 
percentages of iron and silicon as impurities, but quite free 
from carbon. 

(5) Reduction of the oxide with carbon’is successful, but 
the product always contains carbon, the per cent of which in¬ 
creases if the charge is heated too much. If carbon bearing 
molybdenum is melted with the oxide of the metal, the pure 
metal may be obtained. A purity of 99.98 per cent is reported, 
a trace of slag being retained. Sometimes lime is mixed with 
the charge, the reaction being M 0 S 2 + 2 C + 2 CaO = Mo 4- 
2 CaS + 2 CO. The metal prepared by this reaction may con¬ 
tain as much as 3 or 4 per cent of sulfur.® 

(6) The oxide may be reduced with misch metal. 

(7) If MoOs is made into a paste with dilute H 2 SO 4 
electrolyzed, a lower oxide is obtained from which the metal is 
obtained by reduction in hydrogen. 

Properties. — Molybdenum is usually obtained as a gray 
metaUie powder which may be sintered into the compact form 
by pressing into bars and heating by the electric current in an 
atmosphere of hydrogen. In the coherent form it is usuaEy 
a little darker than platinum though the pure metal is said to be 
silvery white. The pure metal is tough and malleable, but im- 

1 E. E. Marbaker, Jovir^ Am. Ohem. Soc. 37 CD 15). 

2 BE. B. Merrill, Jour. Am. Ch&m. Soo. 43 Z383 (1921). 

» BHt. Bafc. 1S1,837 (1921) aad Can. Pal- 221,041 (1022), 
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purities make it brittle and even fragile. It is not hard enough 
to scratch glass, and it may be filed and polished easily and it 
may be forged while hot. Formerly molybdenum was said 
to be totally lacking in the property of ductility, but recently 
a method has been devised for producing a ductile form from 
which fine wire may be drawn. The melting point has not 
been accurately determined, but it is placed around 2500° C., 
having the highest melting point of all metals except osmium, 
tantalum, and tungsten. The specific gravity increases ap¬ 
preciably as the metal is subjected to mechanical working. 
Moissan obtained a value of 9.01, but the ductile metal after 
drawing has a specific gravity as high as 10.32. The Brinell 
hardness is 147. The tensile strength increases materially 
with the fineness of the wire, as is shown in Table XXXIII. 

Table XXXIII 


Tensile Strength of Molybdenum^ Tungsten, and Steel 
In kilograms per square mm. 


Diambtek in 
M& r. 

Molybdenum 

Tungsten 

Steel 

0.125 

140-182 

322-343 

_ 

.070 

161-189 

336-371 

— 

.038 

189-217 

385-420 

— 

.075 



356 


The electrical resistance of ductile molybdenum at 25° is 5.6 mi¬ 
crohms per cubic centimeter for hard drawn wire and 4.8 mi¬ 
crohms for annealed wire. The temperature coejHficient of 
electrical resistance between 0° and 170° C. is 0.005. The spe¬ 
cific heat is 0.072. 

If pure molybdenum is packed in carbon and heated to 1500° 
C., it absorbs carbon and takes on quite different properties. 
After absorbing carbon the color becomes gray, it is brittle and 
hard enough to scratch steel and quartz, and both the melting 
point and the specific gravity are lowered. 

At ordinary temperatures the compact form of molybdenum 
is slowly 03ddized in the air, but the ductile form seems to re¬ 
tain its luster almost indefinitely. On heating to a dull red, 
a coating of the white trioxide forms slowly and at 600° it burns 
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tile molybdenum is also used in the manufacture of certain 
X-ray tubes and voltage rectifiers. 

Molybdenum has been used with tungsten as a thermocouple 
for high temperature measurements.^ Such a combination 
can be used at a much higher temperature than any of the 
commonly used thermocouples of platinum group metals. 
Their use is complicated by the fact that to prevent oxidation 
the metals must be protected with some resistant substance 
like fused magnesia. 

Molybdenum has shown its usefulness in dentistry and in 
the manufacture of standard weights. The metal also finds 
extensive use in making audion tubes for amateur wireless 
outfits, where it replaces platinum in the grid, and in higher 
powered tubes, where it forms the plates. 

In non-ferrous alloys molybdenum gives some interesting 
results. If M 0 O 3 and WO 3 are mixed together in any propor¬ 
tion and the mixture heated by an electric current in an at¬ 
mosphere of hydrogen, alloys are obtained which may vary from 
pure tungsten to pure molybdenum. These alloys are not 
only useful in making incandescent filaments, but have been 
suggested as substitutes for platinum. Two difficulties are 
encountered in their uses: they oxidize readily and cannot 
be soldered easily. Both obstacles are overcome if the alloy 
is coated with a layer of a noble metal. 

A series of alloys of the stellite ^ type include varying 
proportions of molybdenum, chromium, and cobalt with small 
amounts of iron, manganese, etc. The addition of molybdenum 
to an alloy of cobalt and chromium increases the hardness in 
proportion to the amount of molybdenum added, up to 40 per 
cent, when the alloy is exceedingly hard and brittle. The 
usual alloy of this type contains 20-25 per cent molybdenum; 
it is hard enough to scratch glass, takes a keen edge, and re¬ 
tains its bright color in the air. 

An aUoy of cobalt and molybdenum has the same coefficient 
of expansion as glass, and can readily be drawn into wire. Pat¬ 
ents have been issued ^ for acid resisting alloys containing about 

1 L. E. P. Northrup, Chem. and Met. Eng. 11 45 (1913). 

** See discussion of stellite under tungsten and especially the article by the 
inventor, Elwood Haynes, Trans. Am, Inst. Min. Eng. 44 576 (1912); Trans. 
Am. EUctrochem. Soc., Apr., 1920, p. 377. 

3 U. S. Pats. 1,375,082 and 1,375,083, Apr. 19, 1921. 
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in II f‘a!ii|miKii fa bring it into ix^pular favor. Whatever the 
real iiieritn cif iiirjlybdcamin Hb‘c‘l naty he, it in irnpoHBiblo at the 
fiiiii* to prf‘i!ict its future. It in to }>e hojKxI, however, 
tiiiit uH iiiffinuati<»fi in gained u|K)n the ruetlKHlH of mariufac- 
tiiriiig iiiiti the |iro|M‘rtieH at thin alloy nteel it will find a place 
cif ilH own ainorig the* UHc»ful Hittel prodiKd.H. 

^Icdybdeiiiiiri in BoiiietinieH the principal alloying element in 
the but generally it in uacal with other HubHtaneeB, enpe- 
rially cliroiiiiiiiii, nickel, tungatfai, or vana<liuin. In general the 
(*ffeet of fiiolybdeniim in Himilar to tungnten, l)ut a Htriall per 
ci*nt of iiiolybdeiaiin |■lrodnc«*H tlie Haines elTecd. m a inindi larger 
pr«i|Kirtiori of tiingHfen. I',Hing Blighily different niethodH of 
coinpariHoio lairioiw inventigaiorH havc^ (‘Hthnaied the effeetive 
ratio of iiiolybdenuni to tungHteri m between 1 : 2 and 1:3;^- 
L22o;^ and i*veri 1: 4.^ 

MoIylMiefiiirti in niadet by the (trucal)le proccHH, l)y the 
ekadric prmvm, by fheofMai heiirth, or even dircadly l>y heating 
1.1 mixture of the oren wit It catke* and a Huitable flux in an electric 
fiirtiaee.^ l.1ie inolybdenitrn may la? added m tlte powdered 
raetiil, hut fcrnimcdybdenum^' in more commonly uned hecauBO 
ilB melting fKiini in leaver and it in Icbh lialde to Hufler from oxida¬ 
tion. Whtui ehromiuriu niektd, and othc?r alloying metalB are 
desired tlsi^Hi* an^ at tintcH added m the molybdenum alloy. 
On fimiunt of the difru*u!tii»H cmeountered in adding either 
iiicilyhderiuni or itH ferro alloy it him iteem suggested that the 
lidilitioii may well t>c made hb calcium molybdate. TIub primtice 
liiiB proven Hiiece-iiBfiil, stllhougli Hpmdal pre(tauti(.mH are rteeeB- 
amry tuprcvruit lorn of uiaterhil through duHting. The Mldition 
m gerif*ritlly fiinde long cuiough la^fon* the rnetid is drawn to 
iriBiire ii iiiiiforiri mix. Ilie |ic*r cent of molybdenum added 
m very freqiieiitly Um than I |mr cent, though 1.5-2 rmr cent 
iiiolybdemim in common in high Mfwed Hteek, and in certain 
iicid resisting stee! the amount of molybdenum rniiy rim m 
high 1414 5 {M^r cent KtiMjk eontairiing CbrIC) cent molybdenum 
have fiiiide. 

* Cfirfw^w Hg^h^ktrukip Mfirmdm, imn and $Html Inti., Loaien, S 

* w, ciiiwi. iimi I :ii (nmn, 

» L. fliislli-l, ie-r#ir df MHaUnrud, mPU p. MHh 

* II* M. ikhnkimhip irmand 8iml Imi,» Laadon, 

4 I7:i 

Bm Zfil Mmiiktsndf^, IS 2m (111200 
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a higher drawing temperature in order to obtain the same phys¬ 
ical results; also that as regards forgeability the working 
range is wider, while it flows better under the dies. One diffi¬ 
culty experienced in the heat treatment of this alloy steel arises 
from the relative volatility of the molybdenum, leaving the 
surface without the beneficial effect of the molybdenum. This 
may be overcome by grinding off the surface layers. 

The undesirable properties said to be produced by molyb¬ 
denum are red-shortness, and the appearance of cracks 
while rolling or forging. This results in a lack of dependability 
which is not permissible. In molybdenum tool steel, some 
users report that cracks are produced by the quenching process; 
others that they do not hold a thin cutting edge after retreat¬ 
ment as well as before; some find that such tools show irregular 
cutting speeds, that the material is seamy, and contains physi¬ 
cal imperfections. 

These imperfections are probably due in the main to the use 
of impure materials in the manufacture of the steel or to im¬ 
proper heat treatment or subsequent handling. It is claimed 
that these difficulties can be overcome by more intelligent 
practice and by properly selected adjunct hardening elements. 
There seems to be a general impression among steel makers 
that molybdenum is to be regarded as a more or less unsatis¬ 
factory substitute for tungsten or at best as a secondary com¬ 
ponent of alloy steels whose presence permits a material economy 
in the quantity of tungsten needed for any desired effect. 

The cost of molybdenum is in normal times around $2.50 
per pound. This seems like a prohibitive factor in itself, but 
considering the small amount required to produce any desired 
result, the small per cent of rejections, the long life and effi¬ 
cient performance, the friends of this alloy steel claim that it 
can compete successfully with other steels in final cost. 

The uses of molybdenum steel are varied. Straight molyb¬ 
denum steels are not extensively used because the beneficial 
results of molybdenum are best realized in the presence of some 
other alloying metal. Chrome-molybdenum steels, commonly 
containing 0.25-0.40 per cent molybdenum, are becoming widely 
used in the manufacture of automobiles, tractors, and general 
machinery. It is particularly serviceable for gears, shafts, and 
connecting rods. A steel containing more carbon and up to one 
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steel makers. During the 18 months preceding August, 1919, 
about 50,000 tons of molybdenum steel ^ were made in this 
country. 

Compounds of molybdenum find a variety of applications 
such as its use as a pigment for porcelain or china, in dyeing 
silk and wool, in coloring leather ^ and rubber,® in fire proofing, 
in disinfectants, and in the synthetic production of ammonia. 
Compounds of molybdenum are used to preserve cordite which 
is to be stored in a hot climate.'^ Molybdic acid is used in the 
preparation of Froehde’s reagent, in the manufacture of dyes, 
and as a reagent for hydrogen peroxide. Phosphomolybdic 
acid is used as a reagent for alkaloids (Sonnenschein’s Reagent) 
and in testing for alkaline metals. Some salts of molybdenum 
are used in the production of blue prints because of their ability 
to react with certain organic compounds in the presence of 
light. Some molybdenum uranium compounds are both sensi¬ 
tive to light and are themselves radioactive. Molybdenum 
sulfide cells are sensitive to photoelectric influences, especially 
at low temperatures; such cells differ from the selenium cells 
in that they are sensitive to infra red light.® Ammonium 
molybdate is widely used for the detection and estimation of 
phosphates and for the determination of lead. The Parker 
rust proofing process consists in cleansing iron or steel by sand 
blast, then dipping first in sodium carbonate and then in a 
solution of the acid metaphosphate of molybdenum or tungsten, 
and finally coating the metal with a special oil. 

The carbide of molybdenum is very hard, and by heating 
in an iron or carbon mold until it becomes crystalline it may 
be used in making tools, dies, and bearings. Patents have been 
issued in Great Britain for the preparing of very hard tools 
by shaping molybdenum, then hardening by adding carbon 
by means of the cementation process. 

Compounds. — In its compounds molybdenum displays va¬ 
lences of two, three, four, five, and six. Of these the first four 
classes are unimportant and relatively unstable, while most of 
the compounds met are derivatives of M 0 O 3 . Table XXXIV 

1 Chem, and Met. 21 153 (1919). 

2 F. Pozzi-Escot, Compt. rend. 136 801 (1902). 

3 F. L. Hess, Min. Resources U. S. for 1908, p. 746. 

* Min. and Sci. Press, 108 860 (1914). 

* XJ. S. Bur. of Standards, Sci. Paper No. 338. 
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shows the relationship between these classes of compounds. 
The compounds of lower valence are produced by the reduction 
of those of higher valence. When a soluble molybdate is re¬ 
duced by nascent hydrogen a characteristic series of colors is 
produced as the successive stages of reduction are reached. 
Oxidizing agents on the other hand readily yield the higher 
compounds. 

Molybdenum shows particular fondness for producing com¬ 
plex salts some of which have enormous molecular weights. For 
example, there are polymolybdates containing as many as 10 
molecules of M 0 O 3 in combination with one equivalent of the 
basic oxide, as well as polymolybdates containing larger per¬ 
centages of the basic oxides. Much confusion exists as to the 
relationship between these classes of compounds. Forsen 
contends ^ that all known molybdates can be derived from two 
acids which he calls molybdic acid, H 6 M 03 O 12 , and metamolyb- 
dic acid, HeMoi^Osg- Posternak^ in discussing the so-called 
paramolybdates claims that they do not form a distinct group, 
but that they resemble the ortho- or metamolybdates, the 
differences being due to the degree of hydration. He also ex¬ 
presses the opinion ^ that the usual classification into ortho-, 
meta-, and para-salts has no basis in fact, but that there are 
only two groups, which he designates as the hexabasic and tetra- 
basic polymolybdates. He describes ^ certain very complicated 
hexabasic polymolybdates of which hexammonium dodeca- 
molybdate, (HN 40 ) 3 MoO (0 • Mo02)ioO • MoO (ONH4)8 • 6 H 2 O, 
may be taken as an example. In addition to these compounds, 
molybdenum forms numerous phosphomolybdates which con¬ 
tain P 20 fi and M 0 O 3 in the proportions 1: 5, 1:15, 1:16, 1:18, 
1:20, 1:22, and 1: 24. There are also arsenomolybdates 
containing AS 2 O 6 and M 0 O 3 in the proportions 1: 2, 1: 6,1: 16, 
1: 18, and 1: 20. Other complex salts are formed with the 
acidic oxides of antimony, vanadium, sulfur, tin, silicon, 
manganese, and iodine, but these salts are little known. 

Oxygm forms definite compounds with molybdenum of the formulse 
M02O3, Ma 02 , and M0O3- There are also reported by various authors many 
other oxides which are more or less uncertain, such as MoO, MogOr, M02O6, 
MogOia, and MoA, M07O20. These complex oxides are usually regarded 

iL. Forsen, Compt. rend. 172 215 (1921). ^ Ibid. 172 114 (1921). 

2 S. Fosternak, Compt. rend. 1711068 (1920). < Ibid, 171 1213 (1920). 
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from the Hiilfide ore l»y in Jiir, when t.h(‘ trioxide may rcunoved 

!w sulilimaf ion c^r diancjlved out, with ammonia. It may alno he prepared 
hy lieitiin^ molybdenum and many of ite eompounda in air or by treating 
the metal ami itn eompcHmcIn with 11 X 0 $. It may b(^ obtaincal an a fine 
white powder whieh turiiH yellow when heated or an a light ycdlow eryH- 
talliiie imiRH. It Huldimen readily in air, forming nmnll cailorleHH rhomliie 
tablets. It m mort^ nohible in rold watc*r tlnui in hot, and its Holution turiiB 
both litrnuH and turrnerie paper. 

MdyiHlie oriV/d HsMo04, in obtained an a white eryKtalline powdc^r when 
II Kohition of Mcd)$ in nifri<^ arid ia evaporated at ordinary buniieratuniH. 

hydrated form, H2l^roC)4 • IlgOfMoOa • 2 If/)), in obtained when am¬ 
monium molybdate Holutiori is aeidified with nitric; arid and the HoIution 
allowftd t<i evaporate i 4 |>ont 4 ineouHly. 

Molyhiukti of the alkali naitalH are Holuhle in water and are <;aHiIy formed 
hy disHolving MoO* in alkaline aolution. Molybdates of othc^r metals 
are insolubi<», and are formed by prca'ipitation or fusion mcithods. The 
mirmal salts, IlgMoOi, are not stable;, hut readily form poly molybdates or 
<'ondi»nm! with other addie oxidf‘s. 

The most imtsirtarit moIyhclaU^s arci thcj ammonium salts. The salt 
lisunlly krirmm m arrimoriium molylidate is ohtaim‘d hy evaporating 
li solution of MoOs in arnmonia. Its taunposition t'orn^Hponds bi thet 
fonniiln (NH4)feMcotL4 '4 H/h the paramolybdate, altliough eonduetivity 
meaiun*meiits IndieaU; that it is a douhit; salt of the; formula 
(XH4 LHiM<»iO} 3* (NILigll^MoaOis^ and other physieal nieasuremcmts lead 
to the formula (NlDi&Monfbt.^^ 

hiUrnwdkde miden iircf fonrwKi when molybdic; aeid or a molybdate 
ioltition in ridueed by sueh rc*agimts as sulfur dioxide*, hydrogen sulfide;, 
stannous eliloride, fiydrogc?n iodide, or hydrazine;, or by molybdemum, jjine 
aliiminiuiri, iron, lead, or eopjw;r. The resulting solution has a eharacster- 
if tie blue eolor, eomrnonly designat’d as molyhdc’num bliK;/’ whicdi 
fiirnishifi a eh»nmti*ristie t4;Ht for the salts of this metal. Tlu; faet that 
till* siiirie eolor m prodiieed by adding a cold dilute solution of MoO$ in 
hydroelilorie aeid to a solution of ammonium molybdate has lc,;d to the 
siigge«tion that the blue f*om|Kiurid is a molybdenum molylKlate, VarloUH 
forinulffi have ls*en stiggeMied for this eonipound, sueh as MoOg • 2 Mo()|, 
wliieli might Im c*oiisidered rnolylKlenum rnolybdab;, Mo(Mo(>4)3. Other 
foniiiiiii? miggesteil are ]^logO&, wliieh is MoOg • MoO|; Mo/)i4, whieh is 
MciCIi * 4 MriOi; ® MoyO*, whieh isMoOs • d MoO|.^ 11 seems probable that 
si,!veriil eriiti|iiiiinds of this order exist, and, as suggc;sb;d hy Juiiiiw,® tliese 
are probiihly derivativai of moIyWie aeid, whieh are lutidogoiw bi plios- 
plioiticilylidie itidd, 

^ For iiiinmaiV of th« iicicli of molybdenum, i®# CL F. linttig, Z§U, angew, 

ckam, m Mil mm). 

* rniimm, Bm M 1153 (IIKII). 
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arid nr it-H Hnlin and «d iniiiiy nricanir afnd'^ n*\fi*pt tiii* rr- 

artioii. Till* iirrripitnfr whi*n dnrtl aUnvr i.'WP ha.H n ititifMriii rniiipiiM. 
tion ri^prrj^(tnt**d i»y tlir foriniila m wiir’h tin* r;iiiii 

F 3 C^&*MnC)| in I :24. Tin* hydriitrd prrrtpiiiitr iiiiilniil»!*‘'dlv u npirr 
rtnnpirx forniulit. 

Piumphtmtab^hfUr tind, IInFOi- pr«imri*d Irv tn^nimu fiiii- 

moniinn wdi %viiii Hiirrr^#iivr wnidl *if aipi:% rrmn, Wlii'ii ilit* 
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PifrmidyMir rr mamrtUdnbf tmd, ItiAlMOj ■ /. Il/h in iihlfiifinl ».» n rrd'* 
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ft aidiitiiiii fif KCMI In alaniliito dmM with llwii mhhtm iilrtilrd 

iliitii it ehmtmmi »|i|»sw, 11ik alkalinr miftilmti livfiw wrll, tail I fir a# id 

^ Ihm l%*linriirr mi md iPrf* »/ §k^ M*mf #fr.- 

|»|#* IIIB4I; IlMwiti nf fmskmimi Pmtm p. I dWSH , Ikmm 

nf Mi»i% BmU, il I, |i* ft fltl#. 

* iw f«f, a^m. W Ti Ctilii; atoi V^m» f% It IT? i umi 
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not. Ti> foBt for molyhci(‘num evaporate the solution to hc% temted 
to Minall bulk arnl achl xarithio aoicl slowly. A rod riri|j; forming at tho 
junciion (»f tin* two liciiudn indicates tnolyhdcmurn. (Jhroniabw interfere, 
Iiiit chiYnninm in forms m well jis vanadium, tungstcai, titanium, 

and nriiniurn <!«» not. A c(ilorimetric method of determining molybdenum 
depencls on tills behavior. 

Estimation.^ !‘'or the aindysis (>f molylalermm s(‘,v(5ral mtdduxls are 
fiviiiliible for getting thi? material inU> solution. Fusion may lie aecorn- 
piished \Vjth NoiO^; with Na/'O,, K'/Xla, and KNOs mixture; or with 
KHS() 4 . I1ie material may be decomposed with aejua regia, and if lead is 
firemait, sulfuric acid should lM!add<al and the mixture (svaporated to dense 
fumes. Fusion with sodium pc^roxidc^ is recomnuuided as eflieitmt and 
rapid. In t he gravimetric cleterrnination <if molybdtuuim it may be weighed 
as MoO|,3 whicdi is pre|Mirc*d l>y th<» ignitionof ammonium molybdate or 
AfoHi, or liy the treatrrnmt of the Inttc^r with thci nitric acid. In all suc.h 
treatment care is maawiiry in th<^ heating of MoC)| sinee it is readily vola¬ 
tile lit fem|>eniture« abovt? 4(KP t5(F. Tiie complete cainversion of the 
aijlfifie to the oxidt* reepures long ignitiim and a carefully regulated temper¬ 
ature, miiieli shoiiitl not grcmtly exceed 3.50*. Molylaliuuun is somc^times 
deterinined iw AfoHa whicli is obtained by luxating tlu^ profapitated MoHi ^ 
in II streiim of hydrogen. Reduction to (smstant weiglit requires much 
time. Another method involves the prea'ipitation of mercurous molyh- 
<iatf» from n ntuitrnl molylslate solution by a ncnitral rn(‘r(*urouH nitrate 
wdution. Hie ycdlow preedpitale so ohtaiiual may heated eautiously 

te expel rriereiiry and the residue weighed as MoOs; or the mercurouH 
inolybdiite itifiy tie lieated t^i ihtll redness in a stream of hydrogen produc¬ 
ing MoOs or to white hc‘at yielding metallic molybdenum; another plan 
is to heat im»rminnw molylMliite with a weighed ijuantity of dry FhO until 
all the mercury is exp«*IIf*rh wdien thf» gain in weight is due te the MoOg re- 
iiiirted by the lend, lioth lead molylwiate ^ and liarium molylKlate may 
Im firccipitiilcd, dried, and weigticd as such. 

A small amount of molylKlenurn in tiingiten may he dete^ined by 
extritf’flrig molybdcfiiirri xiinthah! from a ffolution containing a little «iil- 
fiiric iieid by iriifiiiw of chloroform.^ Trivalent lirmmic may h© separated 
frciiii ifioiyhdcfimti tiy vii|Kiri»tton, partly a« AsCli and partly fw Ai(OM{i)i 
at the of tiw? water hath.* 

Yoiiimctric riiidJiods^ fcir the determination of molyhclenum are partie- 

* Hi»c I4clt«i4lcr and Fowell, AmlynU of Minerak and Orm of thti Bar§f Sl^ 
«cril¥, pih W*i’-I7ik Bur. of Mlttmif Todkniml Paper 230 (1020 )} M'in* and 
Frew, tIT Sl.l. 

Meiir. ffofm. Hoc. 114 (11) 244 (lOIB); Jmir, Hm. Chmn, Iml Z1 SOI A 
Cllllhl; four. pmkL Chrm, §7, m (1013). 

aaory. Phem. 110 81 (10^1); Chem. Ztg. S04; /. Ind, and Mng» 
€kem. it II!I8 f 11120). 

^ Jotff. Pimm. Hm. 114 (11) MA (1018). 

* lliirotliy Hall, Jour, 4m. Cfmm. Bm. 44 1462 (1022). 

« Mfwcr mml Ehrlich, Bm WB 430 (1022). 

»Bet Pomti. remd. lii 302 (lOm J Chem- Amlmif 9, H (1018) and m U 
(10181; Cmn» CMm» Jemr. % 132 ( 1018 ); fmr. I fid. and Bng, €Mm. H 878 
(l»20). 
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ulitrly fim*ptnhlc* tlm Kniviini’f rir iiit*fiin-nlriii^. iilfi!tiiirr4 

fin* tiiffiinilt and tialinuH. A diHHiivaiflaicf in ihi* nni* of vo|tiiip*trio 
in that t.lioy an* roliai*!** only in flu* ahNairi’ i»f ot!n*r niofaU. C 
in t!»* luialy.HiH of nn on*, t!ii* iiiolyl*doiiiiiii |»n*rij)ifat-*'.H iniiHf |»4» riiri*fiil!,y 
inirilkaL In PainlairH niothofl ^ a iiii4ylH|t*niini ‘^olnfjon »:4 iK'iiiifti'd witli 

IfgSO* and panHial throni^h a ?:iito n-fiin-tor into forrir* Milfnto Holnfiori, tlirii 
till! rnHiiItinii: forroii:. iron litmt<*d willi |»ornianiiaiiaf«*, flv n ^'•iinilar iiirtfiod 
niolylHiiaiiun f-'iillH in nfid holntion initv bi* nahnanl lo thi- triVMlrnf r»tii« 
dition with xiin* and tifmtofl dirorfly with poniiang'iinlo or f«»f 
iodiitc* to tin* h?*Havalf*iit Htati*. hIiH anolhor iiif*tliod tip* *to|i|liii* np»h I#- 
dat.oa in iM'id Hohition ifiay In* ri*dnr**d to iIn* ponfaraloiii r-Miiditioii hv Im«|- 
iiig with HI innl tin* froi* iodiiio titrsif^^d with thioHnlfatr; *»r, fluOror lodiiio 
iiiity hi* iMiilod iinf* t lio Holiif it»n itiado idkaliin* with and tiii* "Sin* 

(ixiilira’d to hy Hlandard iodiii** or fM'riiiangafPiti*,® I'ilnifioii wifh 

titiiniinn I'hlorid** in I'oinnitaily iiMp-d m thirmiinniic fin* frp4'i. tp|<‘fiiiiii r'*in- 
li*nt, tif HoiiipfiniPM arntnonittnt mtiylMlali* r** titrntiol wiih 

fwotati* Mohifjcm in a timnniT jiml flip of fin* iiii4lior! int doipr- 

rniriiition of loail. Thi*^ iiii4lio«l i»« only a|»|ilirahlo f«* rfifitinnifig 

ronHiiif*rjthIp ni<ilyh<lf*ntifii fw*pini«' flip p'-nd imint in tfiiniip mid wilntiofi 
IH not In i^pn«’nd, voIiiiiipItip «if4lioi|ii fin* iiion* 

tlif* on* ia i»rini|i:ht info ?<oliilioii hv Iwmm. 

« U. L. Iljiiifliili Am, Jmur, ,sv», dVj 14 :iiri c|fin7|. 

Zr^L itwil. f'hrm, . ikr. IS . Am, Jm^r, Hn, dVi 1 t&tl; 

ihM, 11 *I41». 

^ Ah iiiivprs, (*t$mi4, rr«4< IfS AWl 
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CHAPTER XV 

GROUP VI — TUNGSTEN! 

Historical. — The name tungsten signifies heavy stone ’’ and calls 
attention to the high specific gravity of the element and its ores. These 
heavy minerals attracted attention long before their nature was under¬ 
stood. Agricola in his treatise on metallurgy (1556) refers to the mineral 
now known as wolframite as lupi spuma/^ evidently, since this ore, which 
is frequently associated with tin, eats up the tin as a wolf eats up the 
sheep.It is probable that the German names wolfram, wolf art, wolfort, 
etc., are traceable to the same notion, and from these come the modern 
names wolframite, wolfram, and the symbol of the element. Up to the 
middle of the eighteenth century these ores were considered to be com¬ 
pounds of tin. In 1781 Scheele proved that the mineral then called tung- 
stein,'' now known as scheelite, contained calcium and a new acid, which 
he called tungstic acid. He also proved that the mineral ‘'tenn spat” 
(heavy spar or mineral), now called wolframite, contains the tungstate of 
iron and manganese. Bergmann during the same year became convinced 
that tungstic acid was the oxide of a metal. The Spanish chemists, the 
brothers d'Elhujar, studied the mineral wolframite in 1783-86 and produced 
for the first time the metal tungsten. They reduced the oxide with carbon 
and studied the alloys of tungsten with lead, silver, and gold. Tungsten 
was used as a constituent of alloy steels as early as 1855,^ and other uses 
were suggested, but the development of the chemistry of this element was 
slow at first and up to about the beginping of the twentieth century it 
remained a scientific curiosity. The introduction of tungsten into the 
steel industry as a definite alloying substance created great interest in its 
chemistry, while the manufacture of ductile tungsten and its wide use in 
incandescent lamps has made the name a household word. There is prob¬ 
ably no element of the whole periodic system whose chemistry has shown 
greater development in so short a space of time as has tungsten in the first 
twenty years of the present century. 

Occurrence.^ — Tungsten is rightly considered a rare element 
because it is found in only a few minerals. Quite fortunately 
its ores are found in some localities in fairly large quantities, 
generally associated with tin. The ores of commercial impor- 

1 For an exhaustive bibliography of tungsten see U. S. Oeol. Survey Bull. 666; 
also. Bull. 12, South Dakota Scfiool of Mines, pp. 164-236. 

2 Adolph Gurlt, Trans. Am. Inst. Min. 22 236 (1893). 

® See Tungsten Bearing Ores, U. S. Tariff Commission ,* also, Tariff Informa¬ 
tion Series, No. 21, pp. 290-318. 
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tanca ara (jf twc? ^anaral typan, and wcilfniriiiti’. 

foraier in fnlrhiiri f.iiiiKHtati* rcailaiiiiiaf:, wh«*ii piin\ |ii*r rani 
thr coinincinrHi inipurit y hrina Mnlb, tvliirli in no! nti 
objeriionabh* iiapnrity for thr aiaiiiibui urt* of .alloy hut. 

in grrUTully und<‘Hirahlc* in making lamp lilnnifaif ITir M*lirri« 
ite drpoHilH an* {uyHiulliiKu wldii% yrilow, or ri‘fliii,H}i in rolor, 
hut nnvrr (lark; thr rryntalH arr ra.HiIy j^iaalrhiai ivilli a 
knifr, ajid thr H|M*rifir gravity ((}} in nofirrahly high, inakiiiic 
inrchanirnl Hrpanition rn^y. 

Wolframite* is rnsmtially a tung.^fatf* of iron and 
■of varying propc^rtions. KampIrH vary all thr way from rra-Moii- 
ably ptirr iroit tiingsintr, known m frrluadti*. tfi rr*tiiti%ady 
mangarirsc* timgstatr, wfurh is f%a!l«*d hiibiirritr. A?4 ^vo^llfI Im 
f*xi”>r*rtrd from tlir rlom* rrlationHbip t*xistiiig In^tirriui iron iind 
miingitrirsr, tlirnr two mirtrralH rr^rrnblr rarli ofhrr in nil |iliy.i«i- 
cal proi'M'ftirs and ran cmly In* dl*-f irigiiiHlaal by rli'riiiiral aiialy- 
iis. Thry c*ciiitiiiri priirlirally tlir mtm* f^rraaitagr of Wci| 
(FrWOi ronfains and .\fnWO| rraifaiiis Tnii- 

nkally HiimpirM of orr wbirh rontain iiiorr than 2tl |ii*r rriif Fr-I'l 
arr riillrd frrlK*riti% whilf* flionr ronfnitiing num* tliiin 2f'l |M*r 
rant MnO an* known m bhbiif^rttr uml iritrriii«*difitr iiinlrriiik 
lira ralltai wolfriniiiir. Prinilriill>% bowiwa^r^ rsju'^riiiHy in tlin 
atenen of iirriiratr aniilyfii'^s, tlm irrrii wadfriitiiiP* m iii^rd to 
coviir all niiitrrialii of thi« nrdrr. Ilir miiirrnl in rillw^r riyninh 
lint or griiniilitr in form, iilwaiyii dark in rtilnr, with ri truiijriify 
toward brown in liribrirrito and shining I4iirk in frrbritiu Ttia 
inintrid i« «ofi rtioiigh to la* ai*rairlirfi willi ii is %a*ry 

britttei find iltows fii*rfrrt rlravitgiu limikitig iiitn tliiri, Itisfroiin 
flakf!i. Thr inivity m abitil 7M, ri:|ti.fil to gnlriiii arid 

grtaitr than fiiiiiiitrritfx willi whirh ii is rorittiioiily iii^.riafi*ri in 
natiirt. Prartiritlly all iliit liingptiui ort firfiditwd iititsiflr ilirt 
Unitoci 8liilr*ii i» of tlia wolfriirtiil#* ly|pu 

Ot^hor Imtm of ant fotiiid Init liaiiiilly lonrr m lr^?i 

dirortly inworiattd with thr tnorr roffitiioii foriiiit. IhingHtiii 
oehre in W()i iifid titn^llli? m ii#i Iiyilralttl fornt; f^rrifiiiigstiio 
18 a fiydriitiid iron tniiptiitj*; all of ihrw an* iniiirfiil^ of m 
canary yiilliiw ciikir tumml hy mcidfiliffii iinil iM^nirrifig rtiirfly 
m incniitiitioiii on ihprnim of aihrtlito or wolfniiiiifr, 7lm*t 
are aliio iMamitonfil gani^ IMiwidlltix Chi{.%loW|f lo mpro* 
«he#lite| ((JiiCa)WOi, and tnn^tates eopin’r and 1»"4#L 
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The world^s principal supplies of tungsten have come from 
China, Burma, Japan, Australia, Bolivia,^ and the United States^ 
while smaller amounts have been mined in England, France, 
Germany, Portugal, Siam, and other countries. For some time 
the United States was the world^s greatest producer of tungsten, 
but from 1913 to 1916, Burma produced the largest amount. 
In 1916, China produced 110 tons; in 1917, 1200 tons; and in 
1918, 10,280 tons, the largest amount ever produced by any 
country. The Chinese deposits are in four provinces,^ and the 
deposits are in the form of sands or pebbles in the streams or in 
small veins in granite rocks. Estimates of the ore in sight run 
as high as 100,000 metric tons. Most of the mining is done by 
hand labor, chiefly by farmers at odd times. 

The Burma deposits cover an area 750 miles long, which not 
only supplies much tungsten, but also yields the greater part of 
the world^s tin. The tungsten deposits have been known since 
1846. The principal deposit is in the Tavoy region, which 
was lost for a time and rediscovered in 1909.^ At present 
this district covers 5308 square miles of territory. Most 
of the wolframite is found in lodes which vary in thickness 
from a few inches to 5 feet and are known to extend as far as 
2 ”| miles. 

In the United States, nearly all the tungsten is produced in 
California and Colorado, with Arizona, Missouri, Nevada, New 
Mexico, and South Dakota producing small amounts. The 
California supply includes the largest scheelite deposit in the 
world, while Colorado has the highest grade ferberite deposits 
known. Production in these two states has been almost exactly 
equal during the past five or six years. 

The world's total production in 1909 was 5250 metric tons 
of concentrate, containing 60 per cent WO 3 . The production 
under the stimulus of war conditions rose rapidly, reaching a 
maximum in 1918 of 30,000 tons, of which China produced more 
than one third. Since 1918, production has fallen off materially, 
or ceased entirely, especially in countries where labor cost is high. 
The production continued for a time in the Chinese fields, 
though at a greatly reduced rate. For a time certain Colorado 

1 See “Tungsten in South and Central America,” Chem. and Met. Eng. 26 
698 (1922). 

2 C. Y. Wang, Eng. Min. Jour. 109 16 (1920). 

® Jour. Soc. Chem. Ind. 39 44 T (1920). 
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tungBten plantn, loautc^d witliin 50 iiiilrn of rii*li tiiiigHtoii cli»- 
pa«itH, wore! ramhlfnl to run upon tho rliojiix-r C’hirioHr* oro. 

Coneent^-afion of tmigHti*n on^H in ulnumi invuriiiOIy ffirrioii 
out at tho mine* aiul in (‘nnily ofTortixl l>y any iiiotliod wtiisdi fnkoH 
adviintago of hi^h Hpocifu* lijrHvity. rHiiiill}' tlio iiii*fliod of ivoi 
erimhin^ and hydraulic claHHifiorn in oniploytal. On ai'roiint of 
the hrittlenoHH of wolfranuto and ifn |M*rfocf cdf*avii||i% iiiiirli of 
the ore in pulverizetl tomadi a linei^tatr* tfnit f ho are !t<»a\"y, 
Fyrite in renuived from the efuieentrate hy roii-Ktinic mid n iiuik- 
neiie Heparator, ninee wolfrainite m with diflieulty rerifi«Tf*d 
rriagncdie by roitHlinf^. It in, hcnvever» ^^iiffieicuitly iiiitKtaiie fo 
pmmiit itH Hepariiticm in thia riianner from tin iind other tieii\’‘y 
mineralH. 

ilmler the HtiniiiluH rd the wartime diaiiiirid for liiiigHfeii, p^reat 
improvf’inenfH wr*re inadf* in the eciiieeiitriitifui of the orep 
enpecnnlly in the Bo«l<h»r dixfrietd whieli mm in wild tooliliiiii the 
rrioKi efficient- concentriilion of any locaiity in the world-, I'he 
formcTheavy hww»i4 are deereitwa! hy wih^titiitingro!li^f«iri^-tiirn|'^, 
thuH fJcrmitliiiM: tin* recovery of the roiirw Irfore 

the hall mill treatriieiit; and liy ifn|iroveiiient« in the “riipj 
plant/’which aiivea innch fnngiiten formerly hmi in the t.iiiliii.g«» 
Attimiptj to iiw* flot-iition iiml iiiiigiielic fiiive la^eii 

iniide, lint the reaiilt-M are maitewhiit dixciiiiritgiiig. 

That it ia lawilile tn coneeritriite tiingnleii ninaawfiilly frori-i 
a low grade ore under favoriihle innrkei eiiiirliiiiiiia in dinwri tiy 
the «tateiiic*rit#i^ thiit a eerliiin dChlon eoficetitriiliofi fihttil- in 
Colnriido, %forkiiig math mill fraa! averngiiig alMitii fine |mt eeiil 
Wt)|, within four wiatkM from thr* flny of aliirling, rtaai-verril the 
fnlire co«t of the ifiill in the vnltie of itiif iirodiicl^ »i!fL Mticli 
yet reinainn to Im iiecompliiihiai in the itiilliiig of ores, 

however* iiitiee the aventge recovery in ittiiil to Im* iitioiil 7i pr 
cent of Ihtt WOi mmirnmnl in tin* tins 

In Iflltl* the Hiiw York price fa^r tiitii of %VO$ wii# 01MI 
for (liinew ore, fur fioliviiirs 00 % nnd Sli $12 for 

(*01004110 ferlM^rila, In the New Vmk prim* 

wii« cpioted fit per mill of Wl |if*r cent Wili; ia 

Jimimry, li23, it wm 

» S, Fteh#r, mmd Mm, li IT U 
* siw MMmmk m4 Mnm, iM 3711 iiWMU. 

i r* ....J .a m.Jk ^ 
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Extraction. — Several methods ^ are available for opening up 
tungsten ores, the choice depending on the nature of the ore, 
the impurities present, and the purpose of the extraction. These 
methods may be classified as follows: — 

(1) Acid extraction, using either aqua regia or hydrofluoric 
acid. The former is suitable for high grade ores and concen¬ 
trates, provided arsenic, phosphorus, and fluorides are absent. 
The latter is best adapted to low grade ores, especially those 
which contain decomposable silicates. These methods are used 
in analytical practice. 

(2) Fusion with potassium bisulfate is satisfactory for ores 
containing arsenic and fluorides, but should not be used on ores 
containing phosphates. The melt is extracted with 5 per cent 
tartaric acid. On the large scale, this method has been recom¬ 
mended^ for ores containing considerable tin. After fusion, 
the melt is extracted, first with water to remove soluble sulfates, 
then with warm ammonium carbonate solution. Tungsten 
forms in the fusion an acid potassium tungstate which is in¬ 
soluble in the first extraction if sufficient excess acid is present, 
but is soluble in the carbonate extraction. Tin is recovered 
from the insoluble residue. This method requires a large 
excess of acid sulfate in the fusion. 

(3) Digestion with caustic soda produces the soluble sodium 
tungstate, but it is not applicable to scheelite ores. There is 
also extracted with the tungsten more or less molybdenum, 
vanadium, arsenic, tin, aluminium, columbium, and tantalum. 

(4) Scheelite ores ^ are easily decomposed by hydrochloric or 
nitric acid; or, they may be fused with potassium fluoride,^ and the 
soluble potassium tungstate removed from the melt by leaching. 

(5) Fusion with sodium carbonate, sodium peroxide, or sodium 
hydroxide likewise produces soluble sodium tungstate, molyb¬ 
date, vanadate, etc. The caustic fusion method is adaptable to 
ores containing phosphates, fluorides, or titanium. The melt 
is extracted with water and on acidification tungstic acid is 
precipitated. Fusion methods are commonly used in large 
scale operations. 

^ Schoeller and Powell, AnalyHa of Minerals and Ores of Rarer Elements, 
177-182; Runner and Hartman, Bull. 12 So. Dak. Sch. Mines, 97-101. 

® G. Gin, Trans. Am. Electrochem. Soc. 13 481 (1908). 

^ H. Lavers, Proc. Australian Inst. Min. and Met., 1921, No. 43, 101. 

G. Gin, loc. cit. 
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Of thc»»e iiu*ih(}ciH flu* Hodiurti C'lirlMmulp fiiHifiii iiiidlififi in hy 
far the* moHi mirraBHful nn a lar^i* flu* fithf^r I*«»irig 

chiefly nerviec^ahle analytical piirpoHt’H. Ah fairrii'*! mil iJii 
wolframite eontniniiig ’ 1 per cent fin. JVi pf*r eenf mpfu'r, nml u 
small amount of silica, flu* (»r<* is eiiishefl and fiiHCfi with IT* |ii*r 
cent CKcesH a! HOilium carl»oiiate fc? wliich Hifiio Hiiiiuiiii ml rati’ 
is BOinetinuas added. A typical renctiun in: 2Fi4V<l,|-f O 
+ 2 Kii^C’Oa 2 Xa^iWOi -e i- 2 Aff*a 

two hours at HtMT C in a reverheratory fnrriaco during wliif'}i l!if» 
rnasH in rahhlcal hy hand, the melt is #lrawii off iiiP* pans, cfiolrd, 
and eruHluul. llie solid*!** tiinastaf*' is fhsHtdvrd in ii'Mfii* and 
is sometimes reerystidlijee*!. Then the arid iiiiiy \*r preeipif ati'd 
by aeidifieitlion ; or an exef%Hs of ( aCia is afld***!, caiiHiiii! tin* 
separiilion of C'liWOj, whieh is thorou^dily wa.Hi;uaL Wlimi 
hydroehlorie aeid is adde«i and the innferial heaffr! to Itoilinn, 
IIsWOi Hcjuiralf^s as ii yellow iiiass. Hits iiial»*ri;d rofiiaiiis as 
impurities srnnli nnmiints of liim% siliiMi, iroiu afiti ahimiria. Tti 
rennive tlitw* if. i.s washed, fi!t*ui*d, iind ciiii%*erf.f*d to airuiifiiiitifn 
paratungstaie, {Klii.lfcWj 02 ,|, by inidirig water .and Xilddl, 
and filtering off any residue, lie* ammointim sidt. is e%*fip€irafed 
and the residue ilried and !reaf«*d with lIXtti. *I'1i** fiiiig.stie 
acid no formed is agitin flissolved in aniiiioidn and itn^ imm*m 
repeated. Idiinlly fiit* ludd is hi^atefl in fused silica wnrr at 
l(KK.f, when WO^ is oldaineil as a powaliT, the color varying from 
pure yellow to fliill green, de|i«ii«iiiig ofi tlii* fiurity. Idiially 
II purity of ffO.flT jier cent in naiched, fimsi of itii** 
impurities are nanoved during tlu" rediirtioii prt^ceo^ Hie 
oxide is oblfiiried in the form of u |Mi%vdfi\ tie* roiir‘*efieHs of 
wliicti liiiiy Im corilrolhal by regulnfion *if fin* liiiit* and 
iure of ignition mid th<» purity of tlie riiitferiiiL Hie ptiysiral 
eondition <if the faiwder is of greiil impwUmm* if diUer* 
iiiifies in liirge tmfimitm the wairkirig iiropwiiiai of I Ip* fiirta! 
cibtfiined from it, 

A iiiet.lwM'l of deeoiiilaming fuiigstefi ori*ii find fonriiiig \X^h 
directly Inm suggested.^ By this ftieitiocl the finely groiiiid 
ore in mixed wditi eiirlmn find bented t.o SCIf in ii sinaoii of liry 
ehloriiie. The etilorideii or oxyetiloriilia* of luisgstrn distill out 

* At Ibc Plant. KofU* ; m»t*. If.. i%r'm ii!l 
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of tho rnixturo. Tim oxido is produced by hot water or by 
iu a Htreain of jiir whi(di carries away the chlorine. 

Metallurgy^. — TiuigHten inuy be obtained in nictallic form 
l>y several methodH: (1) the oxide iruiy be reduced with 
hyilrogeri, carbon, zinc% alurrunium,^ or rnap;neHium; also, by 
silicon ('arbide, Imron, and silicon;'" (2) reducing the chloride 
with liydrfjgen ; V 4 ) heating the nitrid(‘; (4) electrolysis of the 
doiilih^ scalimn lungstim <‘hlori(le. Of these proc(!Hses only the 
first t wo are uf vimmivvvhd ini{)ortance. 

HeciuetifUi with earbon is accomplished l)y heating dry WO3 
witli a slight of (»arl)on in closed crucil)l(vs at a temperature 
of I40ff (!. At tin* (*n(l of tiu* op(^rat!on th(^ in(4;allic powder 
c*ontains excesH carbon and some unnaliuaul oxide. To remove 
these the rnuHS is elutriated with water, and tluj material so 
removed U8<»d in the next charge. A purity of 98 pea cent may 
be* reali^md Ijy tliis method, l)ut the produed- always contains 
carl>on m an impurity, which renders th<^ metal too brittle for 
mechanical working. It is, howevver, Huital)le for use in making 
alloy 8t<‘<4 and is dumper than the metal obtained by njduction 
in hydrogem. 

Ileductifai of WO^ with pure hydrogen yields a very purc^ 
metal suitablf* for ftingsten products or drawn tungsten, but thc% 
proca‘SB rec|uin*H skill and can*. The procums is successfully 
carrical mit by putting the oxide in long, shallow niclad trays 
and |>la«4ng tfieKo in <|uui1/^ tulnm which an* lu*at(*d by c*lectrical 
resistiimu*. I1u* tein|>f*rut are must he* raise*<l gradually in order 
to fire vent fusion of the* oxide* before* the* reduedion starts. If the 
riiiiterial fiiHf*s, only su|¥'»rfi(nal reduction takers places The tern- 
IM»niiun* re(.|iiire*el is alK»ut 1.2(K)^, and about 7 hours an? nc!eded 
to effect ceuTiplede rr^diicdJon. removal from the furnace 

the tiiiigstiui is in IIm* form of a gray powdi.‘r, whose apparent 
density viiricm from 1.2 to 6.0, de*jK*nding largcdy upon the 
density of tiM* WO# The? peiweler is tlu-m placed in a mold 

and stibjecd..ed to a hydratilic pressure of 3()-lCK) tons |K*r 8C|uara 
inch of surface. This forms fragile bars or ingots in which the 
iiiciivicliiiil flarf idem are held together mcfdiariically. In thc3 next 
step, callful baking, thciw^ ingots are toughemed by a preliminary 
healing in hyelnigem in an electric furnaces which is kept at 

* ZHL SS 20 (WM}}, 

* F. M. IkmkH, U. B. PmtM, sriH.320; 854.018; O:i0,O27; 0a(I.O2B. 
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filiiitii KlfMT, AffiT i\m pron^HH fli*» hiirti iiiiiy In* lniiifilinl 

wilhciiit- diii'igiT n! hmikifiK, tait fhi^y iir** ^fiil miitaifi. 

. iiig libtnit 40 |M*r <‘riit Vfddn. 

i; III till* prni'f^HH, tin* Inirn iin* by Ip^'itiiig pIpp* 

trirally !n*ti%^ppn plrcirntii'H in lUi fitiiiimfilipri* «if 

:■ tiyilrfigpii. I1ip li*HV <jf flip low lit UUP riirrpiil iihiuI nti n^iii- 

liitrni tliat ii fpiiippriiftin* of Ci« *i!ifiiiiii*il. 

Iliii4 tPiMjiprnfurp in to raiiHP tli«» iii*li%a«linil |ijirfirlf*?i 

of t 4 iiigHti'*ii to to fiin* iiiitith**r. tmt p%trpitip ruri* in ripinlrul 

not to fiiw tip* motiil, iIp* iii«iiil in liinlily 
brit11i% iifid to work. Ibiriiin tlip mniA^nm pmvpm^ 

erypf.iili41:«*giri to form, ftfiiiill iif lirnf, tml in m fiiii 

prrirrw in roiifiimod. Huh phtmimmum in ridli*d trr*!iiiiriilly 
p^riiwfhy’' iiml it roidirsiiPi^ tlw* vhiiIm diMi|ifw^fi.r, Itiit 
Imr pltrinkp in nirj% lutd vrry liiirtl, iiii«l ilpfiiiiti! 

li rririiillir |iro|M*rti«*P, tml it in «|iiilo lirillltn If t^irifrririg i«i 

I ermlifiiitni too long, iir iuNti liigli ii in iiipuI, i}ii* rryntiili 

i lM*roririP Urn Ifirgty proiimdng it brittle ptmhwt ii4iirli raiirmt l» 

1 worktp'ld If in oiiPily mHm thiit llio nm-^ of griiiiw in Ifi«* f 

j fifiwdt*r liii-M ri fiiitrkod iifioii iho |irt#rrf«t. of griiiri uroitllii 

;j iiiirl in iiii itii|P)rtitiit fartur hi di4«*riiiiliiitg llii* jirfi|ii*rtii*.fi 

of till* jirmlurrd by tho foiilrrmg* 

III till* riPici ptm%*m, whirli m nillpd llir f.iiitgiilrii 

iirr liriitod to nimui in ini iit.tiir^|i!tr*rr tif tiy’ilriigpii, 
tlipii ill II ttinrhifip wbirli ii« fitlnl mdtti ii rii|iitlly r^vfilving 

ifiiifi, mrryiiig n dif% fin* mm* nf wliirli iriiiy Vfiry, An Itio ntmfl 
biiiiiiriprn nrr dri^am iitiiinnf tfn* linitnl 
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0.75 mm. is obtained, when the wire is sufficiently ductile at 
room temperature to permit cold drawing and working. 

If a rod of tungsten, which has become ductile at room tem¬ 
perature through the elongation of its crystals, is heated for a 
short time to a sufficiently high temperature, the long crystals 
are changed to equiaxed crystals and the metal once more be¬ 
comes brittle at ordinary temperatures. In such a condition 
it cannot be worked except at high temperatures. The tem¬ 
perature at which the elongated crystals change to equiaxed 
crystals is called the equiaxing temperature, and this tempera¬ 
ture becomes lower as the elongation through working increases. 
Thus a rod which has been worked until it shows a 24 per cent 
reduction in area is equiaxed by exposure to a temperature of 
2200° C. for 5 minutes. But if the reduction in area has reached 
99.99 per cent, the wire is equiaxed at about 1350° in 5 minutes 
or less. A longer exposure to a lower temperature produces 
similar results. In the equiaxed condition tungsten is brittle 
at room temperature, but it becomes very dutcile when heated 
to higher temperatures. It will be recalled that when the 
common ductile metals have become brittle through mechanical 
strain at moderate temperatures, they readily recover their 
ductility when heated to the annealing or equiaxing tempera¬ 
ture. Consequently, most metals are in their most ductile form 
when they are composed of small equiaxed grains. On account 
of the fact that equiaxed tungsten is brittle at room tem'perature, 
some metallographers contend that tungsten behaves in a 
manner which is directly opposite to such metals as gold, silver, 
and copper. On the other hand, other workers point out that 
tungsten at room temperature is very much farther below its 
melting point than the other metals; that when heated it 
becomes extremely ductile at temperatures far below its equi¬ 
axing temperature, and hence it must be considered a very duc¬ 
tile metal, when the difference in melting point is considered. 
According to this view equiaxed tungsten is in its most ductile 
form if the metal is worked at the proper temperature. The 
question of the ductility of tungsten is the basis of the present 
tungsten patent situation, and important litigation has centered 
around this point. 

Ductile tungsten in the form of fine wire may be prepared by 
cold drawing, but usually this process is also carried out at 
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somewhat elevated temperatures. The temperature used 
varies from 400° to 650°, depending on the size of the wire. 
The drawing is done through a cylindrical block in which the 
diamond is fixed. The size of the die is reduced very gradu¬ 
ally, at certain stages the interval is reduced by as little as 
0.00125 mm. Thus a very large number of dies are needed, 
since the wire may be as fine as 0.005 ^ mm. 

In the preparation of lamp filaments it has been found de¬ 
sirable to introduce 0.75 per cent Th 02 , before the WO 3 is 
reduced. The thorium oxide appears in the final product as 
small globules, whose presence influences the direction and 
degree of grain growth, giving a tougher filament. 

Ductile tungsten has also been produced by electrolytic depo¬ 
sition.^ If WO 3 is dissolved in boric acid at 1200°-1400°, 
the solution may be electrolyzed, the deposited tungsten being 
sufficiently ductile to permit drawing through dies of high speed 
steel lubricated with talc. 

Methods have recently been described ^ for preparing tungsten 
filaments out of a single long crystal which will not equiax. 
Hence it is claimed that the wire is more flexible, ductile, and 
has a longer life than filaments of drawn tungsten. The long 
crystals are made by preparing very fine metallic tungsten, a 
definite amount of Th 02 is then added and the mixture made 
into a paste with a small amount of a colloidal binding material. 
A filament is formed by squirting this paste through a fine open¬ 
ing. These are dried at a moderate temperature, placed in a 
cylinder of reducing gas, and run through a furnace at a rate 
equal to the advance of the crystal face. If the heating is done 
properly, in place of having a series of small crystals which are 
liable to break at their interfaces, one long crystal is obtained 
which is said to be softer at low temperatures and harder at 
high temperatures than drawn tungsten. Crystals 25 inches 
long have been prepared in this manner. A comparison under 
similar conditions after 1200 hours^ burning showed that the 
single crystal had not vaporized at all, while the lamp containing 
the drawn fiilament showed a material deposit. 

^ Such a wire is roughly one fifteenth the size of a human hair and has a 
diameter about equal to that of a spider web. The finest gold thread reported, 
3240 meters of which weighed one gram, had a diameter of about 0.0046 mm. 

* Eng. Min, Jour. July 27, 1918, p. 163. 

» Jmr. Ind. and Eng. Ch&m. 10 574 (1918); Zeit. Fer. dmt. Ing. 62 15 (1918). 
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Properties. — The properties of tungsten show material varia¬ 
tion, depending on the degree of purity and the methods of 
production and treatment. The following statements are taken 
from some of the best recent publications and refer for the 
greater part to the ductile form of the metal. 

The density varies from 19.3 to 21.4, about 70 per cent more 
than lead. The tensile strength runs from 322 to 427 kilograms 
per square millimeter, approximately a third more than that of 
iron.^ The elastic modulus is 42,200 kilograms per square 
millimeter, fully twice as great as steel. Coefficient of expan¬ 
sion is 43 X lO*"®, the specific heat 0.0358, the hardness 4.5 to 
8.0 on Moh^s scale, one of the hardest of all metals. It has the 
highest recrystallization temperature after strain hardening of 
all known metals. When a wire is composed of small equiaxial 
grains it is extremely brittle at room temperature, but when the 
structure is fibrous in nature the wire is ductile and pliable at 
ordinary temperatures. The electrical resistance at 25° varies 
between 5.0 and 6.2 microhms per cubic centimeter. Its duc¬ 
tility is so great that it may even surpass gold in this respect. 
It has the lowest vapor pressure and the highest melting point 
of any metal; its melting point is probably exceeded by only 
one element, carbon. Melting point determinations vary from 
2800° C. to 3350° C.,^ the value 3267° C., given by Langmuir, 
being probably the best yet obtained. Fink gives the boiling 
point around 3700° C. 

In powdered form, the metal is hard, brittle, and crystalline 
and finds few applications. In the compact or ductile form it 
is much softer and tougher. It may be rolled into sheets, but 
it cannot be welded at any temperature at which it is worked. 

At ordinary temperatures it is entirely unaffected by air or 
water, but at elevated temperatures it oxidizes readily. Molten 
sulfur and phosphorus attack the metal slowly, while the vapors 
of these elements react with it vigorously. The metal is not 
attacked by alkaline solutions, but fused nitrates, peroxides, 
alkaline carbonates, hydroxides, and acid sulfates attack it 


1 It is obvious that the tensile strength of tungsten varies enormously with 
its condition and treatment. See Z. Jeffries, Bull. Am. Inst. Min. Eng. 1918, 
p. 1041. A ductile tungsten wire of about .03 mm. diameter has 33 times the 
tensile strength of the sintered bar from which it was x^repared. In working 
with other metals a sixfold increase in ductility is unusual. 

2 Eng. Min. Jour., July 27, 1918, p. 163. 
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this manner the contact screw is mainly steel while the exposed 
end is a button of tungsten. 

Tungsten wire forms an excellent material for winding electric 
furnaces, on account of the very high temperature which may be 
obtained. Temperatures as high as 1600°-1800° C. may be 
maintained by this means,^ although at high temperatures the 
wire must be carefully protected from oxygen. 

Tungsten buttons brazed to copper form an excellent anti¬ 
cathode in the Roentgen tubes, because of the high specific 
gravity, high heat conductivity, high melting point, and low 
vapor pressure. 

Tungsten electrodes are efficient in certain electrochemical 
processes where the resistance to corrosion is a great factor. 

Tungsten-molybdenum thermocouples are useful, especially 
at high temperatures. They give an increase in electromotive 
force with an increase of temperature up to 540° C. and pass 
through zero millivolts at 1300° C. 

Sheet tungsten has played an important part in the recent 
marked advances in wireless telegraphy and telephony, since 
it is found to be a very efficient metal for the construction of the 
amplifier. The manufacture of sheet tungsten presents some 
difficulties and has only recently been successfully performed. 
The swaged bars are heated in hydrogen to 1200°-1400° C. and 
then rolled to the desired thickness. Much care must be used 
to prevent overheating, since this causes recrystallization. The 
rolled sheets have a tensile strength as great as 500,000 pounds 
per square inch. 

In lighting devices tungsten is used both as an incandescent 
filament and as a pencil in arc arrangements. It yields a bril¬ 
liant light, especially in its arc, which is rich in actinic rays, 
serviceable in projection, and ultra-microscopic work.^ A tung¬ 
sten arc, called by the trade name of ppintolite,’^ has found some 
use in England. It is said to consume about 0.4 watt per candle 
power. Tungsten arcs have also been used in an attempt to 
find an arc in which the illumination came from the surrounding 
gas and not from the electrodes.® The most successful results 
were obtained by sealing tungsten electrodes in a resistance 

^ Trans. Am. Electrochem. Soc. 20 287 (1911). 

* Elektrotech. u. Machinebau, 36 345 (1918). 

3 W. A. Darrah, Trans. Am. Electrochem. Soc. 29 625 (1916); Chem. and 
Met. 13 915 (1915). 
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glass bulb with, an atmosphere of TiCU or TiCU • Br 2 . An effi¬ 
ciency as high as 0.25 watt per candle power was obtained and 
the electrodes require little attention, so this method of illumi¬ 
nation appears to be promising. 

Tungsten is so efficient and so widely known as a filament for 
the incandescent lamp, that it may be said that the entire in¬ 
dustry of incandescent electric lamps depends upon this element. 
The industry began ^ with the carbon filament which for many 
years was the only material used. The first metal filament was 
made of osmium and was introduced by Welsbach in 1898. 
These lamps never became popular because of the high cost, the 
fragile nature of the filament making a vertical position neces¬ 
sary, and the fact that only low voltage lamps were possible.^ 
But they did a great service in that they indicated the direction 
in which improvements were to be expected. The first metal 
filament lamp which was successful commercially was intro¬ 
duced by Siemens-Halske in 1903. It contained a tantalum 
filament, which permitted the production of a lamp of any 
ordinary voltage. On account of the fact that tantalum has a 
much lower specific resistance than carbon, the metal filament 
has to be two and a half times as long and one quarter the 
diameter of the carbon for equal voltage and candle power. 
Another difficulty came from the fact that at the incandescent 
temperature tantalum is very near the softening point, hence, a 
long loop or coil is impossible. These difficulties were overcome 
by divising the so-called spider arrangement, familiar in the 
later tungsten lamps. This permitted the lamp to burn in any 
position. These lamps quickly became popular, and between 
1905-1911 about 103,000,000 lamps were sold. 

In the efforts to produce an efficient tungsten filament many 
methods were attempted, such as squirting a mixture of tungsten 
powder with a binder through a small opening and heating the 
filament, squirting a tungsten amalgam or other alloy, then 
vaporizing the alloying metal. Some success was met in pre¬ 
paring a filament by squirting colloidal tungsten, which is 
sufficiently coherent to make a binder unnecessary. But the 
real success of the tungsten filament came with the introduction 
of the drawn wire filament. The first lamps were evacuated 

^ See Johnstoae, The Rare Earth Industry, pp. 73—89. 

2 F. G. Bailey, Electrician, 52 646 (1904). 
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to prevent the oxidation of the metal, but the invention ^ of the 
nitrogen-filled lamp marked a decided advance. This has been 
followed in turn by the argon and neon lamps for special pur¬ 
poses. Table XXXV gives data for comparing the efficiency 
of various lamp filaments. The values given represent a fair 

Table XXXV 


Com'parison of Various Incandescent Filaments 



Watts 

PER 

Candlk 

POWEit 

Candle 
Power per 
Square Mil- 
dimeter 

Temperature 
OF Incandes¬ 
cence Centi¬ 
grade 

Ratio op Hot 
TO Cold 
Resistance 

Carbon. 

3.5 

0.154 

1800 

0.5 

Carbon metallize . . 

2.5 



— 

Osmium .... 

1.5 

0.331 

1900 

8.94 

Tantalum .... 

1.6 

0.307 

1700 

6.07 

Tungsten (drawn) 

1.15 

0.441 

2150 

12.12 

Tungsten (squirted) . 

1.25 



— 

Tungsten (N.-filled) . 

0.5 


— 

' ' 


average and are interesting for comparison. The advantages 
found in the tungsten bulb filled with an inert gas are that the 
metal vaporizes much less than in an evacuated bulb and that 
loss of heat is also less. Hence, longer life and greater efficiency 
result, while a material advantage, especially in stores, is that 
colored goods appear much more nearly true to their daylight 
colors than with almost any other means of artificial illumination. 

The production of tungsten lamps has increased at an enor¬ 
mous rate. In 1907 tungsten filaments were found in about one 
lamp in a thousand in the United States. In 1918 tungsten 
lamps comprised 89 out of 100,^ while the carbon lamp had dis¬ 
appeared from the general market. In 1914 the total produc¬ 
tion of tungsten lamps in the United States was 100,000,000, 
requiring about 3 tons of 60 per cent concentrate. Two years 
later the production had doubled. 

Many applications for tungsten have been suggested because 
of its ability to resist corrosion of acid and alkaline liquors, such 
as gauze in centrifugal machines, frames and supports for filter 

1 Langmuir, Proc. Am. Inst. Elect. Eng. (1913) p. 1916; Trans. Ilium. Eng. 
Soc. 9 775 (1914). 

2 Gen. Elec. R&o. 22 767 (1919). 
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presses, utensils ^ in acid plants, and scientific instruments which 
are exposed to vapors. Numerous other uses have been sug¬ 
gested, such as cross hairs in telescopes and galvanometer sus¬ 
pensions, where fineness and high tensile strength give it a de¬ 
cided advantage; metal strings in musical instruments, where 
strength, elasticity, and resistance to climatic effects are impor¬ 
tant ; springs for electric meters and watches, where its non¬ 
magnetic properties make it useful; pen points, useful because 
of its elasticity and resistance to corrosion. It is also suggested ^ 
as a catalyst in the production of ammonia from nitrogen of the 
air. Tungsten would be an ideal material from which to fashion 
standard weights if it were possible to devise a method of shap¬ 
ing the pieces and adjusting their weights. 

Compounds of tungsten are also used for a variety of purposes. 
The oxide is used in ceramics to produce various shades of yellow 
in glass and porcelain.^ Sodium tungstate is used to decolorize 
acetic acid and fireproof cloth, as well as for a mordant and 
weighting material for silk. Considerable fluorescent calcium 
tungstate is used for making intensifying screens for X-ray 
photography, while cadmium tungstate is used for making the 
fluorescent screens for visual observation in X-ray practice. 
Tungsten carbide has a hardness of 9.8 and has been suggested ^ 
as a substitute for diamond in dies and drills as well as for bear¬ 
ings. The so-called tungsten bronzes are made by fusing to¬ 
gether an alkali tungstate and pure tin. These form various 
shades of red, yellow, or blue which are used for decorative 
purposes.® They are usually regarded as compounds of the 
tungstates with tungsten dioxide, somewhat similar in nature 
to tungsten blue. (See Intermediate Oxides of Tungsten.) 

Tungsten has a marked effect on the properties of alloys, con¬ 
sequently a great variety of alloys have been prepared. The 
usual effect of tungsten is to produce hardness and greater 
resistance to oxidation and corrosion. Some tungsten alloys 
are said® to be actually harder than diamonds. Aluminium 
hardened with a small per cent of tungsten, called partinium/^^ 

1 Brit. Pat. Mar. 8, 1917; also U. S. Pat. 1,318,452. 

2 U. S. Pat. 1,175,693. 

2 A. Granger, CompL rend. 140 935 (1905). 

Elektrochem. Zeit. 26 29 (1920). 

® E. Engels, Zeit. anorg. Chem. 37 126 (1903); Schaefer, ibid. 88 148 (1904). 

« Elektrochem. Zeit. 26 29 (1920). 

^ J. H. Pratt, Min. World, Dec. 3, 1904. 
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is both light, and strong and is used in France for automobile 
conatniction. “ Rideraphite ” i is an alloy of tungsten with 
iron, nickel, almniniurn, and copper, which resembles silver in 
upi>('anin(;c, is ductile, malleable, and resistant to corrosion. 
The alloy “ platinoid ” contains copper, zinc, nickel, and tung¬ 
sten ; both jilatinoid and partinium are used, as well as ferrb- 
nickel, for sealing into the glass of electric light bulbs, because 
their co(‘ffici<mt of expansion is the same as glass. Some tung- 
Ht(‘n alloys nn^ sugg(!sted for jewelry — an alloy containing 75 
p(>r cent gold, 10 - 15 per cent tungsten, and 15-10 per cent 
nickfd is easily rolhul or hammered and takes a finer polish than 
platinum ; a similar alloy, in which silver replaces gold, is strong, 
resists oxidation, and takes a beautiful polish. The alumino- 
thcrmic process luis Ixien used * to some extent in the production 
of tungsten alloys. 

The most, important non-ferrous alloy of tungsten is the alloy 
called stellite.^ This alloy is exceedingly hard, quite brittle,^ 
silvery white in appearance, is unaffected by any but the 
strongest acids, and has found applications in widely different 
fields. It is tifficient in cutlery, because it takes and holds a 
keen cutting edge, and does not tarnish even on contact with the 
most acid fruit juices. It has, also, given satisfactory results 
when made into pen points for fountain pens. The tips are 
made of hard 8tellitc,'welded to the malleable alloy, giving long 
service and freedom from corrosion. It is used for dental and 
surgical instmments, wood-working tools, and cold chisels, but 
its greatest use seems to be as a high speed lathe tool. A test 
made in boring automobile cylinders in the inventor’s factory ® 
showed that more than twice as many cylinders could be turned 
out in a day with a stellite tool as could possibly be bored with 
high speed steel tools. General adoption of such tools is delayed 
by the high cost, which is excused by the manufacturers on the 
ground that the tools cannot be forged, but must be cast and 
ground down, which makes the cost of manufacture high. 

Ferrolungsten is by far the most important alloy of tungsten, 

«jr. H. MU. World, Eteo. 3,1904. 

• Iron Am. July 25. 1918. p. 238. ^ ^ 

• Bee filWMid Haynoe, Trana. Am. InH. Min. Eng. 44 676 (1912) ; Tram. 

Am* Bm* W7 M7 (1920). 

* A* J. Chmn. and Md. Eng. 22 8S0 (1920). 

* Hnwd he. aU. 
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and it has been estimated that normally 90-95 per cent of the 
tungsten mined finds its way into the steel trade. It is to be 
observed that in tungsten steel very considerable quantities of 
tungsten are required, while in all other uses a small quantity 
of the metal is suflSicient. 

The manufacture of ferrotungsten was formerly controlled by 
German interests, but, with the intense demands of the war, 
numerous reduction plants were built in the United States, Eng¬ 
land, and France. At the close of 1918 there were 20 producers 
of ferrotungsten and tungsten powder, with an estimated^ nor¬ 
mal consumption of 7500 tons of 60 per cent concentrate an¬ 
nually. These new plants generally produce ferrotungsten by 
the electric furnace method. 

Various methods are available for producing this alloy, such 
as the reduction of the ores by aluminium ^ or ferrosilicon,^ but 
previous to 1900 ferrotungsten was made almost wholly by 
mixing the ore with iron and a suitable flux and reducing with 
carbon in clay lined crucibles in a gas fired furnace. Since 1900 
the electric furnace production has increased in favor and is 
now about the only method used. Reduction of ores of the 
wolframite type with carbon is easily accomplished ^ in the elec¬ 
tric furnace, but scheelite ores give trouble because of the sticky, 
basic slags formed. An alloy containing 75-80 per cent tungsten 
can be produced, and low run wolframite ore can be used. The 
alloy is not tapped since its melting point is too high, but is 
allowed to accumulate to the end of the run, about 30 hours. 
As produced in this manner the alloy contains more carbon than 
is desirable for steel making, and a common practice® is to 
decarbonize by heating for 10-20 minutes after reduction is 
complete with a slag of iron ore, lime, and fluorspar. This 
causes a loss of 8-10 per cent tungsten, but the carbon content 
is considerably lowered. The average American specifications ® 
are : W not less than 70 per cent; C not more than 0.6 per cent; 
S = 0.06; P = 0.07; Si = 0.6; Mn = 0.6; CaO = 0.5, and 
usually no copper or tin. Probably the most common harmful 

1 E. J. Anderson, Tram. Am. Blectrochem. Soc. 87 275 (1920). 

2 A. J. Rossi, Min. Ind. 11 693 (1902). 

® G. Gin, Trans, Am. Electrochem. Soc. 13 481 (1908). 

^ J. G. Dailey, Raw Material, 2 67 (1920). 

® R. M. Keeney, Trans. Am. EUctroch&m. Soc. 24 127 (1913) . 

® C. G- Fink, Min. Ind. 28 707 (1919). 
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impurities ^ in ferrotungsten are copper, tin, manganese, phos¬ 
phorus, and sulfur. Methods have been suggested ^ for improv¬ 
ing ores containing these impurities, but usually the ores are 
purchased on specifications which are determined by the use 
to be made of the product. 

The loss of tungsten in the production of ferrotungsten has 
been estimated by the Bureau of Mines as between 14 and 35 
per cent. These losses are largely mechanical, but are partly 
due to incomplete reactions. 

Tungsten steel has become one of the most valuable of steel 
products, since by its use in the machine shop each machine is 
able to turn out five times as much work in a day as was possible 
with carbon steel tools. The importance of tungsten steel as 
a war material is emphasized by the fact that one authority 
states that tungsten is a war essential of fundamental impor¬ 
tance, surpassed among the metals only by iron itself. Great 
Britain put tungsten second in the list of contraband of war. 
The United States has been the greatest user of tungsten, as 
shown by the fact that although this country has been one of 
the leaders in the production of tungsten, since 1917 considerably 
more than half of the domestic requirements have been met 
by foreign tungsten supplies.^ 

The addition of tungsten to steel has the effect of increasing 
hardness, toughness, tensile strength, and elasticity. The most 
remarkable property doubtless is that of red-hardness, which 
means that the steel retains its hardness even when it is hot. 
This permits a tungsten steel cutting tool to be used at a speed 
3-6 times that possible with a steel whose hardness depends on 
its carbon content. As a result of this fact this material has 
come into almost universal use in machine shop practice for 
cutting tools. In addition, tungsten steel possesses properties 
which make it valuable in the manufacture of ignition parts of 
internal combustion engines. It has been found especially 
satisfactory for engine valves and seats of airplane engines. It 
is also used in making automobile parts, armor plate, heavy ord¬ 
nance, projectiles, magnets, saw blades, and various other uses. 

Tungsten steels are made either with the powdered metal or 

1 BvU. 652, U. S. Geol. Survey. 

* W. BauglMnan, Min^ Sd, Press, 114 800 (1917) ; Brig, Min. Jour.dS 16 (1914). 

8 Tariff Infonaatioii Series, No. 21, p. 279 (1920). 
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with ferrotungsten. The use of the latter seems to be growing 
rapidly, and may eventually become the universal practice. 
About half the tungsten steel now made is prepared by the use 
of the ferro alloy.^ The advantages claimed for it are that it 
mixes better on account of its lower melting point, and there is 
less loss by oxidation than when the powder is used. It is 
obvious that a uniform ferrotungsten is essential if results are 
to be definitely controlled. The steels are made either by the 
crucible process or in the electric furnace. The latter is claimed 
to give a superior product because it permits a better control 
of the chemical composition.^ The tungsten is added on the 
top of the charge, and care must be exercised to get an even 
distribution and prevent settling of the heavier tungsten. 

Simple tungsten steeP contains no alloying element except 
tungsten, which is usually present in amounts from 3-6 per cent, 
while the carbon runs about 0.6 per cent, though as much as 1.0 
per cent C is common. Such steels must fee hardened by 
quenching; they are used chiefly for manufacturing permanent 
magnets, for electric meters and hand dynamos, and finishing 
tools for lathe work. 

Most tungsten steels contain other alloying constituents, 
especially the high speed, or rapid, steels. Chromium, vana¬ 
dium, cobalt, nickel, molybdenum, and many other metals are 
used along with tungsten for certain specific purposes. The 
per cent of carbon runs usually from 0.5 to 0.75, manganese 
less than 0,5, but the amount of tungsten is quite commonly 
12-15 per cent, while 18-20 per cent or more is used. Generally 
the effect of molybdenum is to reduce the quantity of tungsten 
required to give a desired effect. Vanadium is an important 
factor, the amount varying from 0.5 to 2.5 per cent or more. 
Chromium is considered an important factor in producing 
hardness, and it is present in amounts from 2-6 per cent, though 
some European steels contain as much as 9 per cent of this 
element. Tool steel of this type requires careful and skillful 
heat treatment, which commonly consists of heating to incipient 
fusion and quenching in oil or melted lead. Cooling by air 
blast is used, but produces surface oxidation. 

1 R. J. Anderson, Trans. Am. Blectrochem. Soc. 37 276 (1920). 

2 R. C. McKenna, ibid. 37 319 (1920). 

« U. S. Bureau of Mines, BvZl. 100. 
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Since the addition of tungsten increases the weight of steel 
uniformly, the percentage of tungsten may be determined with 
some accuracy by the specific gravity alone, provided other 
elements are constant.^ 

Compounds. — The compounds of tungsten resemble those 
of molybdenum very closely. It exists in several states of 
oxidation, the lower forms being more or less unstable and the 
forms from the highest oxide, WO3, being by far the most im¬ 
portant. The most important tungsten compounds are those 
formed when WO3 is acting as an acidic oxide. The alkali 
tungstates are generally soluble in water while the heavy metal 
tungstates are not. Table XXXVI indicates the relationship 
between the various classes of tungsten compounds. The com¬ 
pounds of lower valence are produced by reduction and are as a 
rule of little importance. Reducing agents produce a series of 
colors, similar to those obtained by the reduction of molybde¬ 
num. It is to be observed that as the valence of tungsten in¬ 
creases from two to five, there is, also, some slight increase in 
basicity, at least so far as permanence and character of the com¬ 
pounds is concerned. This is directly opposite to the facts 
observed in the case of nearly all other elements. In spite of 
this apparent peculiarity, tungsten in its highest state of valence 
is mainly acidic. Bivalent tungsten is known only in simple 
compounds with the halogens; in the trivalent condition tung¬ 
sten forms double chlorides with the alkali metals; quadrivalent 
tungsten forms halides and double cyanides, besides the oxide, 
sulfide, and selenide; pentavalent compounds include simple 
halides and oxy-salts, cyanides, sulfo-cyanides, and oxalates; 
hexavalent tungsten forms halides, oxy-halides, sulfides, oxy- 
sulfides, in addition to the numerous and important deriva¬ 
tives of the oxide. 

Tungsten resembles molybdenum in showing a remarkable 
ability to form complex compounds. One molecule of an alkali 
oxide may be combined with 1, 2 , 3, 4, 5, 6 , or 8 molecules of 
WO3 ; while more complex molecules may contain as much as 
5 M '20 condensed with varying amounts of WO3. There are 
also formed many series of complex tungstates in which WO 3 
combines with varying proportions of the oxides of silicon, 
phosphorus, arsenic, antimony, vanadium, and boron. 

1 Townsend, A. S., TravA, A'ffk- Soc. ^teel TreQ,t, 2 133 (1921). 
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Oxygen forms two well-defined oxides, WO2 and WO3. Many other 
oxides are reported, but the existence of such formulae as WO, W2O3, 
W/ls, WfOe, W&<>i4, Wj}(>8 is probably best explained as a mixture of 
the el<!m(‘iit with varying amounts of a definite oxide, or as compounds of 
W <>2 and VVO3 similar to the intermediate oxides of molybdenum. (See 
p. 251).) The oxidcj prepared by the ignition of ammonium paratungstate 
is green. Tiie color is uRiuilly explained as being produced by the reduction 
of jmrt f>f thc^ yedlow oxide to the l)luc stage. This reduction may be 
eauH(*d by dust or orgarii(t matter and is catalyzed by light.^ 

Tungdm dioxide is prtspared by reducing WO3 with hydrogen or by 
bydrolysiH of WC ^U. It is a heavy powder of red or brown color, strongly 
pyrophoric and eimily oxidized to the hexavalent state. It may be obtained 
a« HTniiIl o(!tolic‘dral crystals, whitdi are permanent in the air and insoluble 
in liOl. Thc^ tirnorphous form is more readily acted upon both by air and 


by ficids. 

Tiingnten trioxule is found in nature and may be prepared by heating 
turwiie acid,® the metal, th(5 lower oxide, or the sulfide. It generally 
forms a yellow amori)hou8 powder, but may be obtained in crystalline 
form; it m inHoIuhU^ in water, but the hydrate is soluble. It is difficultly 
fusible, hut when heated in hydrogen, it is gradually reduced, yielding the 
blue* oxide at 250 ®, WOs at red heat, and later the metal itself. It is insol¬ 
uble! in all acdcis except hydrofluoric, but dissolves readily in ammonia and 
the alkiiUeH. 

InUrnudiale cmdm of tungsten are formed by the partial reduction of 
WC>3 or the tungstates, giving a material commonly known as tungsten 
bluf!. Th(! reduction may not form a single definite compound, since the 
reduction is eontiniiouB from WG® to WO2 or even to metallic tungsten. 
Many forntiute have? been proposed for this blue product, such as W'206/ 
WiOg,^ W4O11/ W^Ou • II2O.® It seems reasonable to conclude that 
iKweriil different e<>tnpouricls are formed under various conditions, and that 
thenc arc probably host regarded iis tun^^ten. tungstates, quite analogous 
to rnoly bclimurii blue, From this point of view W A may be considered as 
WO3 * WC)»; WsOfi as WO2 • 2 WOi ; WAi as WO2 • 3 WOs; and WjOn 
ii« WOa. 4 WCh . 

Tungntie llsWOi, is obtained as a yellow precipitate when a tung¬ 
state in tr<fiit4!cl with an excess of hot mineral acid. If a solution of a tung- 
MUIU m acidified in tho cold, the hydrated acid, H2WO4 • H2O, appears as a 
whito, bulky precipitate, which is somewhat soluble in. water, but readily 
elmngtid to the insoluble H2WO4 on boiling. Most of the alkali tungstates 


* WmUmpU Zdl amrg, Chmn^tU 310 (bl 21 ). in 

* X-ray ttudite* of WO# and its hydrates show that WOa is a different in¬ 
dividual iisWO*. Zmi. anxtrg, (19^2). 

* Matapjte, i»». Mm. phyM. ( 2 ) 6 (> 271 . 

* Mch«, Mi* (3) iO 5 (IB57) ; I>©si, J- Chem, Soc. 13 213 (1897). 

» V* IJil»r, Ann, Ghtm* 34 25$ (1B55). /,Ano\ 

* Alltftfi luftd 'Oc.ifc'tediallc* d.w. C//ic7w. Jiyur, 2V 323 (190*). 

» ^ ‘*4cid9 of Tun^itin/’ O. F*. Hdttlg, Z. angm, Chm*. 35 391 (1^22), and 
“CoIMdil Tun^lc Add," Moser and Erlioh, EM Brden u, Brze 3 49 (1922). 
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are soluble, but certain tungstates of potassium and ammonium are spar¬ 
ingly soluble. Tungstates of calcium, iron, manganese, lead, and copper 
are found in nature and may be prepared artificially by precipitation. 

Sodium tungstate, Na2W04, is formed by the fusion of one mol of Na2C03 
or two of NaOH with one mol of WO 3 or by the complete dehydration of 
the hydrate. It is a white salt which exists in several distinct crystalline 
forms. It is soluble in water, forming a bitter, alkaline solution from which 
Na2W04 • 2 H2O crystallizes above 6° and Na2W04 • 10 H2O below this 
temperature. The dihydrate is the usual sodium tungstate of commerce. 
An acid tungstate, 2 Na20 • 3 WOs • 7 H2O, is obtained from the water 
solution of the fused paratungstate. It is readily soluble in water, giving 
a solution with a strong alkaline reaction. 

Ammonium tungstate, (NH4)2W04, is probably present when H 2 WO 4 
is dissolved in an excess of ammonia. When the solution is evaporated 
generally a paratungstate is deposited. Calcium tungstate, CaW04, 
forms an amorphous white powder which has been suggested ^ as a sub¬ 
stitute for white lead. Barium tungstate may be used in printing on 
fabrics.^ Most of the metals form the normal tungstate M'2W04, and these 
salts are generally known in several hydrates. 

Metatungstic acid, H2W40i8 • 7 H2O, is prepared by decomposing the 
barium salt with sulfuric acid or the lead salt with hydrogen sulfide. It 
forms small yellow crystals which are readily soluble in water; they form 
the anhydrous acid at 100° and the anhydride on ignition. 

The metatungstates are made by boiling the ordinary tungstates with 
tungstic acid until a filtered portion gives no precipitate on acidification. 
Most of the metatungstates are soluble in water and are prepared by re¬ 
action between barium metatungstate and the sulfate of the required metal. 
Since metatungstic acid is soluble, the acidification of a solution of a meta¬ 
tungstate produces no precipitate, but on long boiling H 2 WO 4 is formed. 
The metatungstates are also formed by electrolyisis of a tungstate solution 
when the increased acidity around the anode produces ^ the metatungstate. 
These compounds have the formula M'20 • 4 WO 3 • x H 2 O. The amount 
of water varies, but it is essential to their stability. The salts crystallize 
well, those of colorless bases forming colorless transparent crystals; they 
are efflorescent and isomorphous with the double boro-, phospho-, and 
sihcotungstates.^ The metatungstates give solutions which are rather 
weakly acid, with a very bitter taste, and in the presence of alkalies they 
revert to the normal tungstates. They are not precipitated by acids in 
the cold, but the normal acid is precipitated on long boiling. The meta¬ 
tungstates are distinguished from all other tungstate solutions by the fact 
that they are not precipitated by alkaline earth or other heavy metal 
cations except mercurous and lead salts. Ether precipitates metatungstic 
acid almost completely; alkaloids and other organic bases are precipitated 
in acid solution by metatungstates. 

1 Schoen, Jour. Soc. Chem. Ind, 19 740 (1900). 

2 Scheurer, tbid. 17 921 ( 1898 ). 

* Schaefer, Z. anorg. Chem. 38 174 (1904), 

^ Copaux, Ann. chim. phys, (8) 17 217 (1909). 
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Sodium metatungstate, Na 2 W 40 i 3 • 10 H 2 O, crystallizes from solution 
in shining tetragonal crystals which effloresce in dry air. Ammonium 
metatungstate forms both a hexa- and an octohydrate. The latter loses 
seven molecules of water at 100°, ammonia begins to come off at 120°, while 
the last molecule of water is not given up under 200°. The hexahydrate 
is precipitated by the addition of alcohol to the metatungstate solution. 
Barium metatungstate, BaW 40 i 3 • 9.5 H 2 O, is prepared by mixing hot 
solutions of Na 2 W 40 i 8 and BaCU containing a little HCl. On cooling, 
barium metatungstate crystallizes out, but it should be purified by recrys¬ 
tallization. The crystals are stable in the air, but at 100° they give up 
six molecules of water, the remainder passing off gradually up to 220°, when 
decomposition begins. Barium metatungstate is used commonly in the 
preparation of other metatungstates. 

Paratungstic acid is possibly present when dilute solutions of barium 
paratungstate and sulfuric acid are mixed,* but attempts to concentrate 
the acid produce tungstic acid. 

Paratungstates are among the most important of the tungstates, yet 
their composition is uncertain. Marignac concluded that most of the para¬ 
tungstates were to be represented by the formula 5 R 2 O * 12 WOa • x H 2 O; 
but a few were probably better represented by 3 R 2 O • 7 WO 3 • x H 2 O. 
It is not impossible to conclude that these compounds are solid solutions 
of ordinary compounds. They are always hydrates which are completely 
dehydrated at temperatures at which they are decomposed into normal 
salts and insoluble tetratungstates. The alkali paratungstates are some¬ 
what less soluble than the corresponding normal salts, but the solubility 
of the other paratungstates is similar to the normal salts. 

Sodium paratungstate ^ may be prepared by saturating a solution of 
Na 2 C 08 or NaOH with WO 3 ; by nearly neutrahzing a boiling solution of 
Na 2 W 04 with HCl; or by adding sodium metatungstate to a solution of the 
normal tungstate. The potassium salt is made in a similar manner. 

Ammonium paratungstate is the usual salt which crystallizes from a 
solution of the hydrates of WO3 in an excess of ammonia. It may be either 
5(NH4)20 - 12 WOa • 11 H 2 O or 3(NH4)20 • 7 WOa • 6 H 2 O, if crystalliza¬ 
tion takes place at ordinary temperatures. There are two crystal forms, 
needles and plates, both of which are stable in the air but lose most of their 
water at 100°. At 15°~18° it is soluble in 22 parts of water (Marignac), but 
the solubility is easily increased, possibly by a transformation of the salt or 
by loss of ammonia. On boiling the solution ammonia escapes and the 
salt goes slowly but completely over to the metatungstate. The dry salt 
begins to lose ammonia at 60° and on ignition there remains either the blue 
oxide or, in an excess of air, WO3. Ammonium paratungstate is of great 
importance in the purification of tungsten material. 

Tungsten bronzes are compounds obtained by the reduction of tungstates 
of the alkali and alkaline earth metals. The composition of this series of 
compounds corresponds in general to the formula R 2 O - (W 03 )x • WO 2 , 

^ L. A. HaUopeau, Compt, rend. 121 61 (1895), 

2 See Edgar F. Smith, J. Am. Chem. Soc. 44 2027 (1922). 
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in which x may vary from one to seven. They are infensively arid 

extremely resistant to both acid and alkaliru*. niJigtaitHj thc*y are attacked 
only by hot concentrated aqua regia or fusion witii sueh iim the 

alkalies, sulfur, ammonium persulfute, or arnnioniuin arid ate, I liey 
may be prepared by reduction at high huniMTature of the aei«I turigHtateM 
with hydrogen, illuminating gas, or inei.ullir^ tin ; tlu* {‘kaindytie rc’due- 
tion of the fused polytungstatos; or by th(‘ fusion of a nonniil liingHtate 
with WO 2 in the absence of air. Lithiurn-tungHten hroni^eM vary from steel- 
blue to violet; the sodium and potassium bronzes an* gfdden yellow, ptirpltt 
red, violet, or blue; strontium gives red, earinint*, or violet, wliile thi* barium 
compounds are dark red, yellowish-red, or violtd, 'I hesc* nifiteri^dH are tisi'rl 
as substitutes for bronze powders. 

Complex tungstic acids are nurncrous and infen^stirtg. PlmHphorie, 
arsenic, antimonic, vanadic, and boric acids eondcmHe with varyiftg arnonrdH 
of tungstic acid. The ratio of the oth(*r oxidi^ to WOi varies from I : 7 to 
1: 24 or more. 

Phosphotungstic acid, II 3 PO 4 • 12 VVf >3 • r H/), in obtaincal as beny 
greenish crystals when a solution containing the corns*! proportion of 
orthophosphoric and metatungstic acids is (‘Viiporaf ed; or it may be pre¬ 
pared by adding sulfuric acid to a concKuitratcsl Kolufion (»f sodiimi phos¬ 
phate and sodium tungstate and extratding the phospliof *mgHf h* ntml with 
ether. This acid is commonly used for preci|)itating allialohiH, proteins, 
and potassium and ammonium ionn. 

Silicotungstic acid,^ 4 H 2 O • BiOs * 12 WO$ • 22 H/), f<#rnm yi^hnvkh- 
white rhombic crystals which artinmdilysolubhdn w'atf*r, iderdiol, am! ether. 
Mercurous silicotungstatc is insoluble in wabtr, but ttimi of the otIaT 
are soluble. Silicotungstic acid is used as a mordant for liimie ariiliiie clyim, 
and it is an excellent reagent for alkaloids. 

Borotungstic acids containing one mol BaDi in cortibinrif iciii wdfh 11, 21, 
or 28 mols WO 3 are descrilaHi.^ The mono-acid is 11 y«*llowtsli iif|incl of 
specific gravity about 3.0. The salts of these iicidH iiin* ronipnr- 
able to the silicotungstates, but they are less eitsily iiiid 

less stable. Cadmium borotunji^tate of iii)pr<«iriiati‘ly the fririiiuiii 
2 CdO ♦ BaOs • 9 WO 3 • 18 HgO melts in its own wiit4*ri.if crystalliiiilioii iii 
about 75°, giving a vary dense yellow li(|uici in which mifiiTiifo «il it tlensity 
•up to 3.65 float. It is used for separating minitrals of cliffcrcril 

In addition to the compounds in which two adds are rf*pri*sciitcd, otlii*rii 
have been described in which triple^ complex acids are pnmmf ; salts con¬ 
taining four or five acid radicate are also desert 11it» niolwuhw tif siicli 
compounds must be< enormously complex, m is shown by tin* feritatlvis 
formula for ammonium ph€wpho-amjmj-vanitilio-vttn«4ii*o»f.iiit|pfiift, 
99(NH4)20 • 12 PA • 2 AsA • fiO VA • G ¥,(h * 191 WC>| ^ 522 II,fb 


1 See the work of Marignac; al»» Wyroulwf. BuH fmm. Mm, If 2l*i 
(1896) ; Rosenheim and Jaenioki. Z. anorg, Chem, 101 235 CI«I7| 

* H. Copaux, Ann. chim. phm. 17 (H) 217 (1909); rtnd, M7 m:t (im): 

Rosenheim, Z. anorg. Chem, 70 418 (1911). 

» Smith and Exner, J. Am. Ch^m. Boc. M 57$ (1902). 

4 Allen Rogers, ibid. 25 29i (IfW). 
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Pertungstic acid and its derivatives are little known compounds formed 
by the action of hydrogen peroxide on tungstic acid or the tungstates, 
usually at the boiling temperature. They are easily soluble, unstable, and 
difficult to purify. The valence of tungsten in these compounds appears 
to be higher than six. 

Fluorine forms the interesting compound WFe. It may be prepared 
by the action of HF or AsFa on WClo in a platinum retort; or by inter¬ 
action of SbFs and WCle in glass. The tungsten hexafluoride is distilled 
out at about 90° and condensed in a thoroughly cooled flask. It is a liquid 
with a slight yellow color; it boils at 19.5° and solidifies at 2.5°, forming a 
white mass. Under ordinary conditions it is a gas, about ten times as 
heavy as air. It is completely hydrolyzed by water, but the dry gas 
attacks glass only slightly. Oxyfluorides are known. 

Chlorine gives four chlorides and several oxychlorides. The dichloride, 
WCI2, is a gray powder prepared by reduction of WClc in hydrogen or by 
heating the tetrachloride in CO2. It is quickly changed in air, and in con¬ 
tact with water a part is dissolved, but the greater part is changed to brown 
WO2, HCl being liberated. The tetrachloride, WCI4, is made by reducing 
either of the higher chlorides. It is a brownish powder, crystalline, non¬ 
volatile, and hygroscopic. It is partly decomposed by cold water, yielding 
the brown oxide and HCl. The pentachloride, WCh, is obtained by gentle 
reduction of WClo with hydrogen. It forms black or dark green crystals, 
which are easily volatile and extremely hygroscopic; some dissolve in 
water, but a greater part are hydrolyzed, yielding the blue oxide and HCl. 

Tungsten hexachloride, WCle, is prepared by burning the metal in pure, 
dry chlorine. If moisture or oxygen is present, the red oxychloride is formed, 
and this is very difficult to remove. The hexachloride forms dark violet 
crystals, which when pure are stable in air and cold water. But in the 
presence of the oxychloride it absorbs moisture from the air and decom¬ 
poses in cold water. This compound has been used ^ in some of the most 
accurate detenninations of the atomic weight of tungsten. 

Two oxychlorides are of interest. WO2CI2 is prepared by passing chlorine 
over hot WO 2 . It forms crystals which are stable in moist air and are only 
partly decomposed by boiling water. Tungsten oxytetrachloride, WOCI4, 
is obtained by passing WCle vapor over hot oxide or dioxydichloride. It 
forms red needles, which are quickly changed in air, forming a crust of 
tungstic acid. 

Bromine forms WBr 2 , WBrs, WBre, WOBr4, and W02Br2. Iodine forms 
WI2 and WI4. All of these compounds are similar to the corresponding 
chlorine derivatives. 

Sulfur combines directly with hot tungsten, forming WS 2 . This com¬ 
pound may also be formed by the action of H2S on the heated metal or 
WClo. It forms a soft, dark gray powder or small, black, friable crystals. 
It is insoluble in water, bums in the air, forming WO 3 , but when heated in 
the absence of air, sulfur is expelled, leaving the metal. 

Tungsten trisulfide, WSs, when prepared by heating WS 2 in sulfur vapor, 
is a chocolate-brown powder which burns in air, combines easily with chlor- 

^ Smith and Exner, Proc. Am, $m, 43 123' (1904) 
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ine, but is not completely reduced by hydrogen.^ It forms colloidal solu¬ 
tions and dissolves in alkali hydroxides, carbonates, and sulfides, forming 
dark brown solutions which contain sulfo- and oxy-sulfotungstates. The 
trisulfide is prepared in the wet way by dissolving WO 3 in ammonium 
sulfide and acidifying; or by adding acid to a solution of an alkali tungstate 
which has been saturated with H 2 S. 

Sulfotungstates of the alkali and alkaline earth metals are formed when 
tungstates are saturated with H 2 S or when hydrated tungstic oxide is 
dissolved in hydrosulfide. They vary in color from pale yellow to yellowish 
brown, and in general they crystallize well. When the alkalinity of the 
solutions is decreased, WSa is precipitated. Potassium sulfotungstate, 
K2WS4, forms yellow rhombic crystals, which melt without decomposition 
and dissolve readily in water. On standing in the air WS3 and S precipitate. 

Ammonium sulfotungstate, (NH 4 ) 2 WS 4 , is made by dissolving 
H2WO4 • H2O in an excess of ammonia and saturating the* solution with 
H2S. It crystallizes in bright orange-colored crystals, which have a 
metallic iridescence and are stable in dry air but not in the presence of 
moisture. .When heated, a residue of WS 2 is obtained. The crystals dissolve 
readily in water, forming a solution which slowly decomposes in the air. 
The formation of ammonium sulfotungstate makes it possible to separate 
tungsten from such elements as columbium by direct treatment of the ores. 

Sulfotungstates of the alkaline earth metals are obtained by saturating 
the suspended tungstates with H 2 S. On standing, the sulfosalts crystallize 
out. 

Nitrogen does not react with metallic tungsten, but when the metal is 
heated in ammonia, a nitride is formed.^ In the nitrogen filled tungsten 
lamp some WN2 is formed,® but the reaction is probably between tungsten 
vapor and nitrogen. The compound collects as a brown deposit, which is 
stable in a vacuum at 400°, but is somewhat decomposed at 2200°. The 
compound W2N3 is formed by the action of ammonia on cold tungsten 
oxytetrachloride or hexachloride."* 

Phosphori^s combines directly with tungsten when its vapor is passed 
over the heated powder, forming a dark green compound of the formula 
W3P4. WP2 is prepared by heating WCle in dry PH3; this compound 
forms black crystals which are stable in the air, which melt without decom¬ 
position, and which are insoluble in water and organic solvents. The com¬ 
pound WP is made by heating WP2 with copper phosphide; and W2P by 
reduction of a mixture of phosphoric and tungstic acids. 

Arsenic forms the compound WAs 2 , which is like the corresponding 
phosphide. 

Carbon combines with tungsten, giving compounds whose composition 
appears to vary under different circumstances. Heating powdered tungsten 
with gases containing carbon readily yields WC at 860° and W 8 C 4 at 1000°. 

1 Weiss, Martin, and Stimmelmayr, A. anorg. Chem. 65 279 (1910). 

2 Henderson and Galletly, Jour. Soc. Chem, Ind. 27 S87 (1908). 

® Langmuir, Jour, Am. Chem. JSoc. 35 931 (1913). 

4 Rideal, ibid. 66 41 (18S^\ 

® Hilpert and Om^tein, 1669 (1913). 
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Heating tungBtftn oxidn with car})on or calcium carbide produces^ a com¬ 
pound ef the formula WgG or WC, depending^ on the amount of iron 
preH(‘nt. Corripounds of the formulae W 3 C and W 3 C 2 are also mentioned. 
It ia poHHihle that the.He ao-callcd compounds represent solid solutions of 
«irl>on and turiKateiL-* 

Detection. — 'rungsten in its ores is usually detected by extraction and 
teat of tlu 5 soluhhi tungHtatc as follows: — 

(a) If 11(51 in addcjd to a tungstate solution at room temperature, a 
floccnibnt whiti i)r<*cipitate of the hydrated tungstic acid appears; on 
huilinij:, thci pr<‘.c.ipitate turiiB yollow, due to formation of H 2 WO 4 . ' Both 
pr(‘fipit.at(‘H an; rt^adily soluhlc in ammonia and the alkalies, but highly 
iiiHoluhhi in acids. Thci i)resen(:ci of phosphoric, arsenic, boric, tartaric, or 
oxalic Mcids iiiterfereB with tluj precipitation. A columbate also produces 
li white pr(».('ipitaici on acidifkuition, but this precipitate is distinguished by 
its ij^reater Holiibdity in wider and hydrofluoric and hot concentrated sulfuric 
aoklH. 

(h) When isinc or, better, tin ^ in added to tungstic acid suspended in a 
iiiitKiral acid, ntduction takes place, giving the tungsten blue precipitate. 
In the |ire.Hen(;ii of phosphoric add a blue-colored solution is formed. Simi¬ 
lar colors may \m producu'd by molybdenum, columbium,® vanadium, and 
titanium ; molybdenum gives a black as the final reduction product; the 
<‘cdiiml>iurM blue m Iohh intense and disappears on dilution; vanadium blue 
in i^rodiiccd Ijy tartaric acid, which does not reduce tungsten; and the tita¬ 
nium color has a markcKl violet tint. 

(c) Turi^ip^tou in Btisel may he detected by the fact that on solution of the 

ctcfl 11 % sulfuric acid (lie feungBten remains as a black residue which turns 

yellow on adding IINO^. 

(d) WOi and MoOg may bo sc^parated by the fact that if the dried mix- 
inre is (tx tract (id witli Bclenium oxychloride, the latter dissolves while the 
fririncr cUk^s not. 

(f?) A soliihki tun potato may be detected by dipping a strip of filter paper 
into tli<! solution, ilmn moistening the strip with HCl and warming; the 
yellow WO 3 appears. If the paper is moistened with SnCb solution and 
warimal, tla? iAvin of the lower oxides develops. 

(/) A wolutbn of cinchonine or quiiuno is said to precipitate WOs 
f|Ui:irititativcdy.'^ 

(g) Tim prcsenct! of 0 ,1 of a milligram of tungsten may be detected, even 
in mixture with molybdenum, by the rnicrochemical identification of the 
cliariietciriiitic crystals of ammonium para tungstate.'^ 


* Compt. ntnd, 12S 13 (1896) ; 126 839 (1897). 

* Willianw, ihU. 126 1722 (IBW. 

3 Bectliagrafn of W-CMystom, Kufl and Wunsch, Z. morg. Chem, 86292 (1914:). 
^ Zkm tunpiteu so rapidly that the blue color may be overlooked m 

til© pKwencse of a mmll ciuimtlty of tungsten. The action of tin is slower. 

^ TIm color proditmd by columhium liecomes brown. 

« Ckem. Trade Jmr. 64 298 (1919); also BuU, Imt. Mm, and Met. 164 C191o)- 
For cjther twte s€Mi Toro«sian, An. Jour. Bci. 38 637 (1914); Hartmann, Chen. 
Nmm, 114 45 <11116) ; AMi accad. Lined, 23 I, 390 (19^). 

^ Van Lkmpt, Z. anorg. allo&n. Chena, 122 336 (1922). 




292 


GEOUP VI —TUNGSTEN 


Estimation.^ — A fairly accurate measure of the amount of tungsten in 
an ore may be made by a simple specific gravity determination, the per cent 
WOs being read from tables. This method gives satisfactory results on 
any one ore, provided the gangue is quite uniform and other heavy minerals 
are absent. It is not reliable, however, since it permits the saltingof 
an ore with barite, cassiterite, etc. 

Quantitative methods are numerous, but many fail to give concordant 
results, especially under varying conditions. Usually the tungsten is 
weighed as WO3, which maybe obtained (a) by ignition of ammonium tung¬ 
state ; (h) by ignition of mercury tungstate; (c) by decomposing alkali 
tungstates in the presence of HNO3, the mixture being evaporated to dry¬ 
ness and extracted with water, then the insoluble WO3 being filtered out, 
dried, and weighed; or (d) by precipitating lead tungstate and boiling with 
strong HCl. The insoluble tungstic acid is separated. 

A colorometric method for determining tungsten has been devised,^ 
depending on the reduction of the tungstic acid to the blue oxide. The 
solution of sodium tungstate is carefully acidified with standard HCl, care 
being taken to avoid a greater acidity than 10 cc. of normal acid per 100 cc. 
of solution. Then a slight excess of titanous chloride is added and the color 
compared with that obtained from a standard sodium tungstate solution. 
The colloidal suspension cannot be relied on to last longer than about 30 
seconds, and vanadium, phosphorus, and molybdenum interfere. 

Volumetric methods are not as reliable as the gravimetric and are mainly 
serviceable for comparative purposes. In one method, WO 3 is dissolved in 
excess of standard sodium hydroxide, and the excess titrated; a similar 
method uses ethylamine to dissolve the WO 3, the excess being then titrated 
with oxalic acid. Silica, tantalum, and columbium do not interfere with the 
latter method. An attempt to reduce tungsten to the blue oxide, then 
titrate back with ferric alum in the presence of thiocyanate, has not been 
successful.^ Somewhat more accurate results are obtained by precipitating 
a neutral solution of ammonium tungstate with an excess of lead acetate and 
titrating the excess lead by means of ammonium molybdate.^ 

\ For detailed information see Schoeller and Powell, Analysis of Minerals 
and Ores of the Rarer Elements, pp. 174-’182. Anales soc, quinn Argentina, 5 81 
(1917); Eng. Min. Jour. 105 308 and 836 (1918); Jour. Soc. Chem. Ind. 
Dec. 16 (1918), p. 732 A; ibid. 37 609 A (1919); Min. and Sci. Press, 118 432 
(1919). 

2 Travers, Compt. rend. 16$ 416 (1918). 

® Knecht and Hibbert, Proc. Chem. Soc. (1909) 277. 

* Gastone Fiorentino, Giorn. chim. ind. applicata, 3 66 (1921). 0. A. 18 3048 

(1921). 
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GROUP VI —URANIUM 

Historical. — I he mineral pitchblende has been known for a long time, 
Hut its eornpoBition mm a matter of dispute. By some it was considered 
nil iron ow, otlatrs consid(»red zinc its main component, while still others 
tliought its great weight indicated that it must be an ore of the newly dis- 
<»ov<‘r(‘d tilc^rncnt, tungHten. In 1789 Klaproth called attention to the fact 
that the ore contaimxl what he called a half metallic substance ” which 
<lifT(TC‘d umniKtakably from iron, zinc, and tungsten. By reduction of the 
yellow C4ilx he obtained a mc^tallic appearing substance which he supposed 
was a new medal. suggesttHl the name uranium in honor of the planet 
Uranus, which had been diH(;overcd l)y Herschel in 1781. Richter, Arfved- 
»un, ami licTzelius worked with similar materials and considered Klaproth's 
ruduetion |)roduct as the (dement. It was not until 1841 that Peligot dis- 
eovenid that the suf)stan(a» wm nmlly a lower oxide of uranium and in the 
fallowing ycuir he prodiKicd the metal itself and determined its equivalent. 

Uranium and all its compounds are radioactive. The discovery of this 
fac!t in 181MI Ijy Henri Becquered ^ is of great historic interest since uranium 
was the first ehun(?nt which was found to possess the property of radio¬ 
activity. Following this interesting discovery, a search was made for other 
naturally radioactive substances, and in 1898 Schmidt announced ^ that all 
iiuHstances <!ontaining thorium, either in elementary form or in combina- 
ti€>n, gave off a similar radiation and somewhat later Rutherford discovered 
thfit thorium produced also a highly radioactive gas which he called the 
emanation. Thcjse cairly discoveries were rapidly followed by others upon 
which our knowhfdgf^ of radioactivity is based. 

Occurrence. — Uranium is not a common element, but it is 
found in a number of minerals,^ most of which are rare. All 
uranium ores are radioactive, and the amount of uranium is an 
accurate index of the radium content,^ since it is found that one 
part of radium is naturally in equilibrium with 3.2 X 10® parts 
of uranium ; or, in other words, an amount of ore which contains 
a ton of the element uranium will be found.to contain 320 milli- 
^am,s of the element radium. 

Ttia most important uranium ores are pitchblende or uraninite 

» rmd, iM 60h 689. 762 (1896). 

« Wi#d, Arm. m 141 (1898). 

* For » IM of ttwmiitm minerals see U. S. Bur. Mines Bull. 70, 

«^ U. a Bur. Mium Tmh. Paper 88. 
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and carnotite. The latter is _ desoribed under radium. The 
former is essentially UsOsi which may l><( coiiHidered ui.'inium 
uranate, UO 2 • 2 UOs or U-''(U'" 04 ) 2 , although in its natural 
form the substance contains wid(‘ly varying i>roi)ortions of 
quadrivalent and hexavalcnt uranium. I he ore eonf airis To !M) 
per cent UaOg, the remainder being com])oundH of tliorium, the 
rare earth metals, and lead, calcium, iron, arsenic, .and bismuth, 
along with silica and water; ra<Iium is alvvay.s present and ga.ses 
such as nitrogen, helium, and argon Hom("tini(*H ni.ake up as much 
as 2.6 per cent. The mineral is gcuK-rally given or bl.nck in color 
with a pitchy luster, from whiidi fact tin* name pit«-hblende is 
derived. It is found in Bohemia, Haxony, Hungary, Norway, 
Cornwall, East Africa, India, Australia, Madagascar, Onlurio, 
Connecticut, the Carolinas, Ti'xas, Kouth Dakota, Colorado, 
and Wyoming.^ 

Uranium is commonly associaU'd with thorium and the rare 
earths, generally in the form of tantalates, (mlumliaf es, t if anate.H, 
phosphates, arsenates, and vanadates. In addition to these, 
uranium is found in many rare mini'rals, such as aufunite, smae- 
times called uranium mica, calcium uranyl phosphate; tfirber- 
nite copper uranyl phosphate; fh<> rar<> earth ores, fergusonile, 
samarskite, euxenitc, and xenotina*. A new mineral, liramierit e, 
is reported^ to contain more uranium than any other complex 
mineral except pitchblende. It is a complex uranium titanate, 
containing thorium and the rare luirth elements along with sinall 
amounts of silicon, iron, calcium, strontium, hariuin, zirconiiini, 
and lead. Asphaltite bearing 1.13 to 2.KH {ler c‘ent uranium has 
been found in Utah.^ 

The oldest and most celebraterl deposit^! of uranium ores are 
the pitchblendes at Joachimsthal, Austria, whose mines have 
been worked since 1517. But only since alxait l9C)f» has ura¬ 
nium been sought, and for some time thesis d««jsisitH fjirnished the 
world’s most important supply of uranium and radium. .Since 
the development of the carnotite industry of ('ohamlo, hfjwever, 
the United States has Ixicn the leading producer of l»ofh. 

The production of uranium ores has varieii wiilely, and the 
price has shown similar fluctuations, 1’ht‘ price is miinetimes 

» “New Depodt,” Seietux, 4S 441 (tOtft), 

2 Jour. Frank. Imt. tm 225. 

» F. L. Hess, Bnq. Min, Jour. Prtm, 114 872 (IW22>. 
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determined by the radium content alone, though usually the 
amount of UaOs is the determining factor and occasionally 
allowance is also made for the vanadium content of the ore. 
During 1919 carnotite containing a minimum of 2 per cent UaOg 
sold for $2.75-$3.00 per pound of contained UsOs. In 1920 the 
price of similar ore was $2.25 per pound UsOg; in January, 1922, 
carnotite is quoted at |1.25~$1.75 per pound of UsOg. 

Extraction. — The extraction of uranium from its ores is 
accomplished by a great variety of methods, the process selected 
depending on the nature of the ore, and the desirability of 
recovering other substances along with the uranium. It is 
important to notice that radium is the most valuable constituent 
of all uranium ores, consequently, the treatment will be such 
as to extract the largest possible proportion of radium. From 
this point of view uranium is always a by-product whose extrac¬ 
tion is of secondary interest. 

For the extraction of uranium from carnotite see the discus¬ 
sion of the extraction of radium (p. 60) and especially of vana¬ 
dium (pp. 207-208, including Figure 13). 

The extraction of uranium from pitchblende ^ presents some 
complications because the mineral fuses with difldculty, and 
extraction with acid is tedious, expensive, and incomplete. At 
Joachimsthal no less than seven methods have been tried out, 
the last one being roasting with lime in an oxidizing atmosphere. 
The desired reaction is : 2 UaOg + 6 CaO + O 2 = 6 CaU 04 . 

At the same time vanadium, tungsten, and molybdenum are 
transformed into calcium salts, which are extracted with the 
uranium when the melt is ground and lixiviated with dilute sul¬ 
furic acid. These soluble salts are filtered out, ferric chloride 
is added, and the solution neutralized with Na 2 C 03 , when ferric 
vanadate is precipitated. The solution containing the uranium 
is evaporated to dryness and the uranium dissolved in dilute 
alcohol, and from the alcoholic solution it is precipitated as 
ammonium uranate by the addition of ammonia. After filtering 
and washing with water containing NH4CI, the ammonium 
uranate is dried and sold as lemon-yellow uranium.^’ Its uses 
are similar to those of sodium uranate. 

Uranium usually comes onto the market as sodium diuranate, 
Na 2 U 207 • 6 H 2 O, which is known in the trade as the yellow 
1 See G. Gin, Trans, Am. Electrochem. Soc. 36 191 (1919). 
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oxide of tininiinn.” It mny he pn^panMl by rfiasliriir |iitr*li- 
blende with Na*/ H).'! and {‘xt-rat'linij: th(» nirlt wil!i diliile .Hiilftiric! 
acid whtui th(‘soluble^ uranyl siilfab* in ff>nrM‘d. Hoiiiniii fliiirii- 
nato in preeipitateni by adding XnC )H, nr \ »y neiit nibziiig f In* ,‘^‘iilii- 
lion and boiling vigorously. After th»‘ pri*ei|iitiiti- is |iri*sHi*d 
and dri(Hl it- in n^a.«ly for tlie market, dlie siibsliiiin* Mibi as 
uranium oxide is usually IkiCb, vvlueh is prepiins! by prefipiliii- 
ing ammonium uranatc* from the Hulfurie matl solution. If fliis 
substance is digest-csl with ammonium <*arlj*mat«^ and iiiiiiiioiiiiiiii 
hydroxide and ttien allowed in cool,crystals of aninioiiiiiin uranyl 
carbonate are fornied,and ihes<‘ oii igniliriii yiidtl llier«t 

i*s, also, H(dd Hom(‘ of tlu* black oxid<* of uniiiiiiiin whifdi is rib 
and some uranium salts like* the liitrale, aciiiitin or siilfafia* 
Quite reccmtly forrouranium has iMa’ome riii iiii|iortaiil itrlicle 
of cornmereje. 

Separation/^ — Uranium may Is* sepaniled from eo|»|w*r, 
bismuth, arsenic, etc., by the fact that if is not |ireeipiliilei| from 
acid solution l)y II^K. The sepanifioii from leaf! is best ar- 
cornplished by adding sulfiiric acid to lln* nilntfe solution anil 
evaporating to funu^s. 

The rare earths arr^ rcaiioved by itdiliiig oxalic iiciil to ii lioi 
solution and filhming off the rare earf !i oxalates. To fiecoiiiposn 
the excess oxalic acid in the filtrate, i*viiporate In dryiiiw, 
and take? up the residue with IICI, If tieeessiiry iiriy iiisiihilili! 
nmidue may Ik^ brought into solution by ftisioii ivilli 

Uranium is sc*piiriited from otfii*r metals of the tliiril groiip 
l)y the fact of its solubility in solntioiis of iilkiiii ciirlMiiiiifix 
Bc^pariition is acc;omplished by adding to it soliifioit cfiiiliiiriiiig 
uranium an I'xcess of nriunoruii, iiitmiofitiiiii riirboipite, iiinl 
ammonium sulfide. The riraniurti remiyiis in soliit ioii wliilt* siielt 
metals as iron, eolialt, manganei^** nritl tiliitiiiitii tire pre¬ 
cipitated. Prom the fillriite the iirariitiiii riiay In* |ir«*ei}iitiiteil 
by removing the U^H eomp!et#*ly and luliiiiig mnmumn. Hiis 
tremtmemt doits not give eoni|ilet-i* sf*jiiiriil..i«iii from iiitekeb iilii* 
minium or lM!iylIiiim, Nickel may In* rtuiiiiveil by long Iwulifig 
of a dilute solution containing Na'^.JOi, Altirriiiiiiiiii m 

» Fta aiiitfiCMl rif pmpmnUm nm Jmr.. imi. ftmi Mm f 

(1017); idmh E. J. Ar«ifw.«i. Tmm. Am. KMnmkfm. if :|h| 

* Still Kern. Jmr. Am. Mhfm, tl mm i illOIl i lir*i#rlin\ t %0m» 
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rated ^ by precipitating the phosphates, boiling first with nitric 
acid, then with sodium carbonate. Zirconium is precipitated as 
a phosphate in the presence of H2O2 + H2SO4. Vanadium is 
precipitated as lead vanadate by adding lead acetate and am¬ 
monium acetate to a solution containing a slight excess of nitric 
acid.^ 

Metallurgy. — Uranium may be prepared by several methods : 
(a) reduction of UCI4 with sodium ^ or potassium; (b) reduc¬ 
tion of UaOs with charcoal in an electric furnace;^ to free the 
product from carbon it is heated with UaOs in the presence of 
titanium, which is used to prevent nitrogen from combining with 
uranium; (c) reduction of UO2 or UO3 has been accomplished 
by means of aluminium;^ UO3 has also been reduced by cal¬ 
cium ; ® (d) reduction by means of calcium carbide either with 
or without a mixture of ferrosilicon has been effected,*^ although 
the Bureau of Mines finds that coke at the temperature of the 
electric arc is more effective than either; (e) electrolysis of 
fused sodium-uranium chloride in an atmosphere of hydrogen.® 
Use of a current of 50 amperes at 8-10 volts keeps the bath fluid, 
and the metal contains about 0.5 per cent impurities. 

Properties. — Pure uranium is white, but the metal frequently 
has a yellow color due to the presence of some nitride. The 
metal prepared by electrolysis is deposited as small shining 
crystals; other methods of preparation give either a black 
powder or a white compact mass. The metal takes a polish 
well, is somewhat malleable, is softer than steel, and when heated 
with carbon and chilled it becomes very hard and brittle. 
Probably the most accurate melting point determination ^ gives 
a value of 1850°; the specific gravity is 18.685 at 13°; the 
specific heat at 0° is 0.0276; it is slightly paramagnetic, the 
magnetic susceptibility being + 0.21 X 10”®. 

The powdered metal burns in oxygen at 170°, in fluorine at 
room temperature, in chlorine at 150°, in bromine at 210°, in 

1 Brearley, p. 185. 

2 U. S. Bur. of Mines, Bull. 70.' 

8 B. W. Moore, New York meeting Am. Electrochem. Soc. May, 1923. 

4 Moissan, Compt. rend. 116 347 (1893). 

^ Aloy, Ann. chim. phys. (7) 24 412 (1901); Stavenhagen, Ber. 32 3065 (1899). 

® Burger, Disa. Basel, 1907, p. 19; Kuzel and Wedekind, French Pat. Oct. 
17. 1910. 

7 German Pat. June 11, 1912. 

8 Moissan, Compt. rend. 122 1088 (1896). 

* Guertler and Pirani, Zeit. fiir MetciUkunde, 11 1 (191). 
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iodine at 260°, in sulfur vapor at 500°, and in nitrogen at 1000°. 
It decomposes water slowly at ordinary temperatures and more 
rapidly at the boiling temperature. Dry hydrogen chloride gas 
attacks the metal at a dull red temperature, and at a slightly 
higher temperature it reacts with ammonia liberating hydrogen 
and forming a dark crystalline powder. It dissolves in dilute 
HCl and H2SO4, liberating hydrogen and forming quadrivalent 
salts, while with concentrated sulfuric acid SO2 is evolved. The 
powdered metal dissolves readily in nitric acid, liberating the 
oxides of nitrogen, but the fused metal reacts only slowly with 
nitric acid even when warm. The caustic alkalies apparently 
have no action upon it. Uranium will displace mercury, silver, 
copper, and tin from the solutions of their salts. The exact 
position of uranium in the electromotive series has not been 
determined because of lack of pure uranium, but an alloy 
containing 8.34 per cent of iron gave --0.093 volt.^ 

In addition to the property of radioactivity, the salts of 
uranium possess peculiar properties with respect to light. When 
a solution of a uranium salt is exposed to light it seems to absorb 
energy which is later given off in the form of fluorescence.^ The 
presence of such substances as chlorine or iodine ions, ferric or 
vanadyl salts, vanadic acid or quadrivalent uranium compounds, 
inhibits the fluorescence. In accordance with the theory that 
the photosensitizing effects of such fluorescent compounds as 
eosin are due to simultaneous oxidation and reduction, fluores¬ 
cence in uranium salts is explained by the fact that in the light 
the uranyl ions are partly reduced to the trivalent condition and 
partly oxidized to the octavalent condition. When these two 
forms react with each other in a reverse manner to produce the 
hexavalent form, fluorescence results. The effect of inhibiting 
substances is explained by the supposition that iodine, for 
example, unites directly with the trivalent uranium, giving at 
once the hexavalent form. 

Uses. — Uranium finds few commercial applications, although 
several possible uses have been suggested. For a time an im¬ 
pure form of the metal containing some carbide was used as a 
sparking medium for automatic cigar lighters. These have now 
been superseded by cerium alloys, which are more highly pyro- 

1 Jour, Phys. Chem. 23 617 (1919). 

2 E. Bauer, “The Photolysis of IJraidum Salts,” Chem. Ztg. % 40 (1918). 
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phoric. Many attempts have been made to utilize uranium as 
an electrode in arc lamps, probably the most successful device 
being covered by a French patent which uses a mercury cathode 
and gives a powerful ultraviolet light, useful for sterilizing 
liquids. A plan for depositing uranium on a tungsten filament 
in an incandescent bulb has been patented.^ The bulb is filled 
with nitrogen or argon and a little uranium chloride put in, 
then the bulb is exhausted, sealed, and heated to decompose the 
chloride. 

In ceramics uranium compounds are used to give colored 
glazes, especially yellow and orange. The compounds employed 
are either sodium or ammonium uranate, which are commonly 
sold under the name uranium yellow ; or, the yellow or green 
oxide. As little as 0.006 per cent gives a good yellow color, but 
on increasing the amount the color may be varied ^ to orange, 
brown, dark olive green, or black. A deeper shade of green is said 
to be given by UsOs than can be produced by chromium com¬ 
pounds.^ The amount of lead in the glaze also influences the 
color obtained. A bright vermilion glaze is made by mixing 57 
parts of red lead, 20 parts feldspar, 2 parts zinc oxide, 12 parts 
of flint, and 9 parts of UsOg. As coloring materials in the manu¬ 
facture of glass, they produce an opalescent yellow, which is 
green by reflected light. This type of glass is expensive since 
the amount of UgOg used is sometimes as high as 20 per cent. 

Uranium salts have been used as mordants for both silk and 
wool,^ as well as in calico printing. Uranium salts also produce 
a pleasing brown dye on textiles when the fabric is first heated 
with solutions of uranium salts, and then the color is fixed by 
reduction with potassium ferrocyanide, gallic acid, or pyro- 
gallol. 

Metallic uranium and uranium carbide were found by Haber's 
investigation ^ to be among the best catalysts for the manufac¬ 
ture of ammonia by the direct union of the elements. The dis¬ 
advantages in the use of these materials come from the cost and 
the ease with which the substances lose the ability to serve as a 
catalyst unless very pure hydrogen is used. 

1 U. 8. Pat. May 7, 1918; C. A. 12 1617 (1918). 

2 Tram. Am. C&r. Soc. 8 210 (1906); 9 771 (1907). 

2 Jour. Am. C&r. Boc. 1 238 (1918). 

4 Wwrhm Z&it. 6 17 (1894). 

* Haber aad Greenwood, Zeit. Ehhtrochem, 19 53 (1913). 
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by mistake the uranium content has been given as 35-50 per cent. 
The manufacture of this material in this country is carried on at 
a single plant, which is located at Canonsburg, Pennsylvania. 

The addition of ferrouranium to steel is accompanied by 
heavy loss due to the oxidation of the uranium. This loss may 
be as high as i ,to ^ the uranium added. To reduce the loss as 
far as possible the ferrouranium is added just before or during 
pouring, and the temperature of the steel is kept low. If the 
ferrouranium contains more than 65 per cent uranium, oxida¬ 
tion is rapid, and if the amount is less than 40 per cent the 
uranium is not taken up well by the steel. Consequently, the 
favorite ferrouranium contains 40-65 per cent uranium. The 
best uranium steels are made in the electric furnace. 

There are two rather striking effects produced by the addition 
of uranium to steel: (1) its beneficial results do not require 
intensification by the use of other alloys; (2) uranium increases 
the hardness of steel, so that such steels lend themselves readily 
to water quenching. The increased hardness is, however, not 
accompanied by an increase of brittleness to as great a degree as 
is induced by many other alloying substances. As a result 
carbon-uranium steels are especially serviceable for uses which 
require a low drawing temperature, since under these conditions 
they possess to a remarkable degree the combination of hard¬ 
ness, strength, and ductility.^ Uranium is, however, frequently 
added to steel along with such other alloying elements as tung¬ 
sten, molybdenum, vanadium, and chromium. Usually the 
amount of uranium is less than 1 per cent; high uranium steels 
have been studied very httle. Over 3 per cent uranium is said to 
produce a product which cracks badly on forging. The general 
effect of uranium upon the properties of steel is similar to the in¬ 
fluence of tungsten; consequently, the usual view is that the 
introduction of a small amount of uranium permits the saving 
of a considerable amount of tungsten. For example, the intro¬ 
duction of 3 per cent uranium, 8 per cent tungsten, and small 
amounts of chromium and vanadium produces a steel whose 
performance compares favorably with that of a steel which 
contains 18 per cent tungsten. 

The properties claimed for uranium steels are as follows:^ 

' Hugh S. Foote, " Uranium Steels,” Chem. and Met. 36 789 (1921). 

2 See also ibid. 15 160 and 448 (1916): 22 829 (1920): 26 789 (1921). ; 
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increased hardness without decrease in ductility; increased 
elastic limit; greater tensile strength; and improved dynamic 
properties. Tools made of uranium steel are said to possess 
longer life because of the greater toughness and heat-resisting 
qualities. Shop tests made with uranium steel tools show that 
they possess cutting power, durability, arid general efficiency on 
an average 20-50 per cent higher than that shown by tools made 
from the best grades of other high speed steels.^ Enthusiastic 
claims are made that the benefits obtained from the use of 
uranium certainly constitute the highest attainment of the steel¬ 
maker's art.” However desirable the properties of uranium 
steel may prove to be, it seems likely that the future of this 
product will be determined largely by the relative cost of ura¬ 
nium and other alloying substances which produce similar effects 
upon steel. The question of a suitable ore supply is also a 
matter of great importance, especially with respect to uranium. 
But so long as uranium remains a by-product of the radium 
industry with sale for only a small part of the uranium produced,^ 
the question of cost of raw materials should not be a serious one 
in the manufacture of uranium steel. 

Compounds.^ — Uranium forms several series of compounds 
which in general resemble the corresponding series of tungsten 
and molybdenum compounds. Uranium is, however, distinctly 
more basic in its tendency than any other member of this group. 
It appears frequently in the acid radical, forming both simple 
and polyuranates. Its greater basicity is shown by the fact 
that its trioxide forms a much smaller number of poly-derivatives 
than do molybdenum or tungsten. In most of its important 
compounds uranium acts as a metallic element. Uranium has 
valences of 2, 3,4, 5, 6, and possibly 8, the compounds of valence 
2 and 3 being relatively unimportant and formed by reduction 
of the higher compounds. In its valence of 4, uranium forms 
the important class of uranous compounds, which are usually 
prepared by reduction of the higher compounds. They resemble 
the ferrous compounds in the ease with which they are oxidized. 
In its hexavalent state uranium shows little tendency to form 
simple metallic salts, since UFe is the only compound of this 

1 See' ‘ Compaxat^ire Test of High Speed Steels,” Chem. and Met. 22 829 (1920). 

2 S. C. Lind, XT. 8. Bur. of Mines, Trans. Am. Electrochem. Soc. 35 197 (1919). 

3E. Wilke-Ddrfurt, “Preparation of Uranium Compounds in Pure State,” 

Wus.'Verofferd. Biemem-’Konzem Boc. 1 143 (1920); C. A. 15 2696 (1921). 
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sort known; but it readily forms uranates, both simple and 
complex. It also gives rise to the uranyl series of compounds, 
which are doubtless the most important of all the uranium salts. 
They may be regarded as derivatives of UO 3 which have been 
formed by replacing one oxygen with the equivalent amount of 
a negative element or radical. Thus, they always contain the 
bivalent radical UO2, which is more markedly basic than the 
corresponding radicals of the other members of this group. 
Accordingly the uranyl compounds resemble more closely the 
salts of a basic oxide, while the corresponding derivatives of the 
other metals are like the acid chlorides, such as POCI3 and 
SO2CI2. This conception is strengthened by the fact that in 
water solution the uranyl salts of strong acids are slightly 
hydrolyzed, and under the influence of the electric current the 
uranyl ion concentrates around the cathode. The uranyl solu¬ 
tions have a yellow color with a strong greenish fluorescence, 
which is noticeable in uranium glass. These salts are particu¬ 
larly sensitive to light. Table XXXVII shows the relationship 
between the various classes of uranium compounds. 

Oxygen forms the two definite oxides, UO2 and UO3, each of which is 
represented by one or more well defined series of compounds. 

Uranium dioxidej UO2, was for a long time considered as metallic ura¬ 
nium, because of its appearance and the fact that it is obtained by heating 
UsOs in a stream of hydrogen. It is now prepared ^ on the large scale by 
reduction with carbonaceous material on fusion with sodium chloride, and 
used for the production of ferrouranium. When so prepared it is black in 
color from the excess carbon which it contains and is commonly called the 
black oxide of uranium. When obtained by reduction with hydrogen it 
is a brown or copper-colored powder, which is pyrophoric; it burns in air, 
oxidizing completely to UgOg. The uncalcined UO2 dissolves in strong 
acids, forming the uranous seri^ of salts; after ignition it is only slightly 
soluble in acids. 

Uranous hydroxide is obtained as a bulky reddish-brown precipitate 
when alkalies are added to uranous solutions. The precipitate darkens on 
boiling and is easily oxidized by air in the presence of excess alkali, forming 
uranyl compoimds. The formula for the compound is written either 
UO2 • 2 H2O or U(0H)4. 

Uranium trioxide or uranic oxide, UOa, may be prepared in pure form 
by long continued heating of uranyl-ammonium carbonate at 300° or of 
ammonium uranate at 250°; uranyl nitrate also yields UOa on ignition, but 
the product contains basic nitrates unless the heating is done thoroughly. 
The color of the oxide varies from orange to red, depending on the method 

^ Robert J. Anderson, Trans, Am. Electrochem. 3oc. 37 281 (1920). 
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Uranium pentachloride, UCls, is formed by adding chlorine to UCI 4 . 
If the addition is made slowly, the pentachloride forms long needle-like 
crystals which have a dark green metallic luster by reflected light but a ruby 
red color by transmitted light. If the chlorine is added rapidly a brown 
crystalline powder is formed. Both forms are extremely hygroscopic and 
react vigorously with water, liberating HCl and U(OH) 4 ; it is soluble in 
many organic solvents. 

Uranyl chloride, UO 2 CI 2 , is formed by heating UO 2 to red heat in a 
stream of dry chlorine. It forms a yellow crystalline mass, which is 
hygroscopic and soluble in water. The water solution on slow evaporation 
forms a monohydrate. The anhydrous uranyl chloride is stable if it is 
kept away from moisture. The water solution has an acid reaction and 
upon heating liberates HCl. It forms double salts with the alkali chlorides, 
such as 2 KCl • UO 2 CI 2 • 2 H 2 O. 

Sulfur forms a number of sulfides of uranium, of which the most impor¬ 
tant is the uranyl sulfide, UO 2 S. This compound is thrown down as a dark 
brown precipitate when ammonium sulfide is added to a uranyl nitrate 
solution. It is soluble in ammonium carbonate and in acids and upon 
exposure to air it oxidizes quickly. 

Uranous sulfate is not known in the anhydrous condition, but hydrates 
containing 2, 4, 8, and 9 molecules of water are easily prepared. Of these 
hydrates all except the dihydrate are isomorphous with corresponding 
hydrates of thorium suKate. The octohydrate of uranous sulfate is the 
most common, it being formed by adding alcohol to a solution of UsOs in 
dilute sulfuric acid. 

Uranyl sulfate, UO 2 SO 4 • 3 H 2 O, is prepared by the crystallization of 
a solution of uranyl hydroxide in dilute sulfuric acid or by heating uranyl 
nitrate with sulfuric acid. It forms yellow-green crystals, which under the 
microscope show a beautiful fluorescence. On exposure to air they loose 
water slowly, and at 115° a monohydrate is formed while at 175° the anhy¬ 
drous salt is produced. Both acid salts and double alkali sulfates are 
formed. 

Nitrogen combines directly with uranium at a temperature of 1000° ^; 
nitrogen or ammonia reacts with the carbide, yielding a nitride; dry am¬ 
monia also produces a nitride when it reacts with uranium tetrachloride. 
The formula of the nitride is usually U 8 N 4 . The catalytic influence of 
uranium carbide in the manufacture of ammonia by the Haber process is 
attributed 2 to the formation of the nitride. 

Uranyl nitrate, U 02 (N 03)2 • 6 H 2 O ® is commonly called uranium nitrate 
and is the best known and most widely used uranyl salt. It may be pre¬ 
pared by dissolving any oxide of uranium in nitric acid. It forms lemon- 
yeUow prisms which have a green fluorescence. They are readily soluble 
in water and are deliquescent. When shaken, rubbed, or crushed, the 
crystals show remarkable triboluminescence, with occasionally somewhat 
violent detonations. Numerous theories have been advanced to account 

1 Moissan, Comyt. rend. 122 274 (1896). 

® Haber Mid Greenwood, Zeit. Elektrochem. 21 241 (1916); 19 68 (1913). 

^ See also F. E. E. Gtermann, Jour. Am. Chem. Soc. 44 1466 (1922). 
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for this peculiar behavior. It has been suggested that triboluminescence 
may be due to some peculiar property such as radioactivity of the uranium 
atom itself; or, that in crystallizing differences of electrical potential may 
be developed between crystals; or, that disturbances release some internal 
strain which has developed within the crystals. But the best explanation ^ 
of these phenomena seems to be based upon the partial replacement of 
water of crystallization by ether and an unstable lower oxide of nitrogen. 
This idea is strengthened by the observations that samples of uranyl 
nitrate which are strongly triboluminescent contain both ether and an 
oxide of nitrogen; that crystals of this salt do not display this property 
unless they have been prepared from an ether solution containing free 
nitric acid; and that such crystals loose their tribolmninescence when 
recrystallized from water. 

Carbon combines so readily with uranium that the reduction of the 
oxides with carbon always produces some carbide. Moissan prepared ^ the 
carbide by mixing 50 parts UsOg with 8 parts charcoal and heating in the 
electric furnace. He assigned the formula U 2 C 3 to the compound, but later 
work ^ makes the unusual formula UC 2 seem more probable. The com¬ 
pound has a metallic appearance, a crystalline fracture, and is strongly 
pyrophoric; it scratches glass and quartz but not corundum. It burns 
in oxygen at 370®, forming UaOg; it combines with fluorine at slightly ele¬ 
vated temperatures, forming UF 4 or UFe. Chlorine attacks it at 350°, 
bromine at 390°, and iodine below red heat. In contact with water the 
carbide is decomposed, yielding hydrogen and a very complex mixture of 
gaseous, liquid, and solid hydrocarbons. Chief interest in the carbide is 
connected with its use as a catalyst in the Haber process. 

Simple uranyl carbonates are not known, but double carbonates are easily 
formed; as, for example, a salt of the composition UO 2 CO 3 • 2 Na 2 C 03 is 
obtained as a yellow crust, when freshly precipitated sodium uranate is 
treated with sodium bicarbonate, or when an excess of sodium carbonate 
is added to a solution of uranyl acetate. 

Uranyl acetate, U 02 (C 2 H 302)2 • 2 H 2 O, is next to the nitrate the most 
irnportant uranyl salt of commerce. It is prepared by the solution of 
uranyl hydroxide or oxide in acetic acid. It is soluble in water, forming a 
solution with a density of 2.89 from which it crystallizes in fluorescent 
prisms. It displays the phenomenon of photalysis. 

Uranyl formates, oxalates, and tartrates are also formed. 

Detection. — Uranium is precipitated in the Third Group and in the 
analysis undergoes numerous characteristic changes. (1) When present as a 
uranyl salt the addition of ammonia produces a precipitate of ammonium 
diuranate, (NH 4 ) 2 U 207 , which appears as a yellow powder which is slowly 
transformed by ammonium sulfide to UO 2 S, dark brown, soluble both in 
HCl and (NH 4 ) 2 C 03 . (2) When NaOH is added to a solution of a uranyl 

1 See Andrews, Chem. Ztg. 36 423 (1912), Spath, Wiener Monatsch. 33 853 
(1912); Muller, Chem. Ztg. 40 38 (1916), 41 439 (1917); and J. A. Siemssen, 
Chem. Ztg. 46 450 (1922). 

2 Le Four electrigue, Paris, 1897 ; Compt. rend. 122 274 (1896) . 

« Lebeau, ibid. 152 955 (1911); Bull Soc. Chim. (4) 9 512 (1911). 
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yellow Na 2 U 207 is precipitated; it does not dissolve in excess of alkali, 
>111} forms the deep yellow peruranate on addition of H 2 O 2 or Na 202 . 
'3) When Na2HP04 solution is added, uranium is precipitated as a gelat- 
XLous yellowish-white precipitate of UO 2 HPO 4 , which is soluble in mineral 
icids but insoluble in acetic acid. In the presence of ammonium salts, 
i^^anadates do not interfere, but aluminium, beryllium, and lead must be 
ilisent. (4) The addition of K 4 Fe(CN )6 produces a red-brown precipitate 
>f (U02)2Fe(CN)6, which dissolves in NaOH, HCl, or (NH 4 ) 2 C 03 , forming 
yellow solutions. (5) Sodium salicylate produces a red coloration in a 
solution containing as little as 0.02 per cent uranium. Free acids, iron 
3a,lts, alcohol, and acetone interfere. This reaction may be made quanti- 
ba>tive by colorimetric methods. (6) When an excess of zinc is added to a 
aitric acid solution containing uranium, a yellow deposit collects on the 
zinc residue .1 

Determination.^ — Uranium maybe determined quantitatively as UaOs, 
which may be obtained by precipitating a uranyl salt with (NH 4 ) 2 S and 
ISTPhOH; or the UaOs may be reduced to UO 2 by heating in a stream of 
tiydrogen; or the addition of ammonium phosphate in the presence of 
ammonium salts and igniting to (U 02 ) 2 P 207 . Cupferron precipitates 
u.ranium quantitatively from aluminium, calcium, magnesium, and phos¬ 
phorus; the precipitate is converted to UaOs by ignition.^ 

Volumetrically uranium may be determined by reducing an acid solution 
with zinc or titanous sulfate and oxidizing to the uranyl state by perman¬ 
ganate according to such a reaction as: 2 KMn 04 4- 5 U(S 04)2 + 2 H 2 O 
=== 2 KHSO4 -f 2 MnS 04 + H2SO4 4- 5 UO2SO4. A solution of uranyl 
acetate may be titrated with sodium phosphate. Titration with 
IST 

K 2 Cr 207 in the presence of an excess of sulfuric acid is recom- 
no.ended,'* and electrometric titration is successful.® 

1 Baur and Rebmann, Helvetica Chim. Acta, 5 221 (1922). 

2 poi- determination of uranium in high speed steels, see Jour. Ind. and Eng. 
<7hem. 11 316 (1919); also Chem.. and Met. 20 523, 588 (1919) ; in carnotite, 
see C. E. Scholl, Jour. Ind. and Eng. Chem. 11 842 (1919). In the presence of 
DE3[3P04, see Schoep and Steinkuhler, Bull. Soc. Belg. 31 156 (1922). For general 
survey of uranium methods, see Kern, Jour. Am. Chem. Soc. 23 685 (1901). 

3 Holladay and Cunningham, New York meeting Am. Electrochem. Soc. 
IVIay, 1923. 

^ Wilhelm Elsholz, Dissertation, February 7, 1916, Friedrich Wilhelms 
XJniversitS/t, Berlin. 

® Ewing and Eldridge, Jour. Am. Chem. Soc. 44 1484 (1922); Gustavson and 
E^nudson, ibid. 44 2756 (1922). 
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dioxides and all but selenium form trioxides, while derivatives 
of SeOs are well known. Metallic properties of the elements 
increase with increase of atomic weight. Both selenium and 
tellurium in the elementary form show a few of the character¬ 
istics of the metals. In compounds the metallic nature is less 
evident, but tellurium forms two classes of derivatives from 
Te02, the tellurites and tetravalent salts. Oxygen and selenium 
are known to form only one compound each with chlorine, while 
sulfur and tellurium both form two chlorides. 

Selenium 

History. — Berzelius discovered selenium in 1817 in the deposits from 
the sulfuric acid chambers from Gripsholm, Sweden. For some time 
previous to the discovery it had been observed that when sulfur was ob¬ 
tained from a certain pyrite ore, there was formed in the chambers a red 
deposit which on ignition gave an odor of decayed cabbage. The red sub¬ 
stance was supposed to be a form of sulfur containing some tellurium. 
Berzelius found that it was a new element which resembled tellurium 
closely and consequently he named the new element selenium, from the 
Greek word meaning moon, the name being suggested by the analogy of 
tellurium, the earth element. He studied the element carefully and pre¬ 
pared many of the more important compounds. The chemistry of this 
element has developed very slowly, but within the last few years there has 
been considerable interest shown in attempts to find uses for the element 
and its compounds. 

Occurrence. — Selenium must be considered a rare element, 
although it is found widely distributed in nature. The distinc¬ 
tive selenium minerals are rare, and they are usually selenides, 
of such metals as lead, mercury, copper, bismuth, and silver. 
The element is also found in the free state associated with sulfur 
and as a selenite. The most common occurrence of selenium 
is in ores in which the element has partially displaced sulfur. 
Generally the selenium is present in very small proportions, but 
on account of the fact that enormous quantities of sulfide ores 
are used, this represents a considerable amount of selenium. 
It occurs also in small amounts in meteoric iron, in volcanic 
lavas, and in certain deposits of coal. Traces of selenium have 
been detected in rain and snow.^ Even though present in 
mineral ores in mere traces, it is readily concentrated either in 
the flue dusts or in the anode mud of the electrolytic refineries. 
Considerable quantities are known to exist in Hawaii, Japan, 

^ Helvetica Chimica Acta 1 52 (1918). 
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the Hartz Mountains^ the Vesuvian region^ Hungary, Mexico, 
Australia, Spain, several parts of South America, California, the 
Paradox Valley, Colorado, and at Thompsons, Utah. 

Extraction. — The two general sources of selenium are from 
the flue dusts of certain metallurgical processes using sulfide ores 
and from the slimes of the electrolytic refining processes. The 
rapid development of electrolytic methods has made the latter 
the most important source of supply at least in the United States. 
The method used in extraction depends upon the source of 
material. 

To extract from flue dust, grind the material to a fine powder, 
then fuse in a nickel crucible in the proportion of 300 gram dust, 
200 gram Na 2 C 03 and 77 5 gram Na202. Add the fusion mixture 
to the crucible a little at a time, the heat of reaction usually 
being sufficient to maintain a fusion temperature without the 
application of external heat. When the crucible is full, cool 
and disintegrate the melt with water and remove the insoluble 
material by filtration. Nearly neutralize the filtrate with con¬ 
centrated HCl and filter off any zinc or aluminium hydroxides. 
Then add three volumes of concentrated HCl and boil 30 
minutes to reduce H 2 Se 04 to H 2 Se 03 . Filter off silica, heat to 
80°, and add in small quantities two or three times as much 
Na 2 S 03 as is needed to precipitate the element selenium. Digest 
at 80° until the selenium has a uniform gray color, filter, and 
wash thoroughly with hot water. This method removes 
selenium quantitively from flue dust. 

From anode slimes, selenium may be extracted by adding the 
finely ground material to concentrated HNO3 which has been 
diluted with I its volume of water. Heat until the reaction is 
complete, then filter off the insoluble matter on an asbestos pad; 
evaporate to dryness to expel excess acid, being careful to pre¬ 
vent the vaporization of Se02. Take up the residue in 3 :1 HCl 
and precipitate the selenium by adding either Na 2 SOa or SO 2 . 
The reaction is: tUSeOa + 2 SO2 + H2O == Se + 2 H 2 SO 4 . 
Filter off the precipitate, and wash thoroughly.^ Anode slimes 
are generally rich in both gold and silver, so the extraction of 
selenium from such material is of minor interest. 

1 Se© Bennis and KoUer, Jour. Am. Chem. Soc. 41 949 (1919); also Eng. and 
Min. Jour. 106 443 (1918). 

® Engl and Min. Jour. 106 443 (1918). 
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Another method of extracting selenium is to boil the mud with 
a concentrated solution of KCN until the solution turns gray, 
forming KCNSe. This is filtered off, heated with HCl, when 
selenium is precipitated. This reaction does not yield pure 
selenium and the large quantity of HCN evolved is trouble¬ 
some. Sometimes, the slimes which contain precious metals 
are cupeled to remove the common metals, then the molten 
metals are treated with sodium nitrate and sodium carbonate, 
forming a niter slag which contains the selenite and tellurite. 
This slag is skimmed off, cooled, broken up, and leached with 
hot water. 

A method of extracting both selenium and tellurium from 
either dusts or slimes is described in British Patent 134,536. 
It consists in fusing the material with lead and NaOH, NaNOs, 
or Na 2 C 03 . The selenium and tellurium compounds are found 
in the upper layer, from which they may be removed by dissolv¬ 
ing in water, neutralizing with acid and precipitating with SO 2 . 
The noble metals maybe removed from the lower layer by cupel- 
lation. 

In nearly all American crude copper bullion there are found both 
selenium and tellurium in amounts up to 0.3 per cent, or more. 
This is practically all concentrated in the slimes,^ from which 
they are extracted by fusion with NaNOs and Na 2 C 03 , recovery 
being either from the niter slag or the Cottrell or scrubber 
sludge. The latter is filter pressed, and either the press cake or 
the regular flue dust may be, roasted at low temperature, the 
resulting Se 02 condensing in crystalline form called selenium 
'' whiskers.^' They are readily soluble in water when fresh, 
but on standing there is some reduction to metallic selenium. 
For the precipitation of selenium, SO 2 is passed into the solution, 
which should contain about 10 per cent of free sulfuric acid and 
sometimes a little hydrochloric acid. Under these conditions 
98 per cent of the selenium is precipitated as the red powder, 
the reaction being Na 2 Se 03 + 2 SO 2 + H 2 O = Se + Na 2 S 04 
+ H 2 SO 4 . The sulfur dioxide is carefully purified by thorough 
scrubbing. Theoretically one pound of sulfur should precipitate 
nearly a pound and a quarter of selenium, but in actual use 1-2 
pounds of sulfur are burned to produce a pound of selenium. 

1 Merriss and Binder, Eng. and Min. Jour. 106 443 (1918). This article 
contains flow sheets, showing the purification of both Se and Te. 
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Selenium prepared from the niter slag may contain considered * 
tellurium, which may be removed by adding sulfuric acid ^ * * 
the strongly alkaline solution, thus: Na 2 Te 03 + H 2 SO 4 
Na 2 S 04 + Te02 + H 2 O. Separation by electrolysis in a sol^ *’** 
tion of alkali hydroxide or salt has also been proposed.^ 

Selenium is usually sold as the gray powder. Sometime 
selenious acid is required, and this is prepared by dissolvi^*^ 
selenium in strong nitric acid, crystals of H 2 Se 03 being forni* 
on evaporation. Some sodium selenite is also sold, being (il »- 
tained by neutralizing a solution of selenious acid and evapor."»**• 
ing. Occasionally there is a demand for red selenium. Thin i H 
prepared from a solution of sodium selenite by acidifying a 1 * «1 
adding SO 2 . The red precipitate is washed thoroughly, filf 
pressed, and the press cake dried in the dark by a current ^ 
cool, dry air. The red modification must be kept in a cool pla «^ 
away from light and air. 

The production of selenium in the United States has nevi-r 
been large and has shown marked fluctuations. Table XXiX I *X 
shows the approximate production and value of selenium in 11 1 *' 
United States for several years. It is stated ^ that the indii - - 
tries of this country could produce 300,000 pounds of seleniiiiij 
annually without making any material additions to prcHi ftl 
plants. Formerly selenium was imported but the rapid grow f 1 1 

Table XXXIX 


Consumption of Selenium in United States 



Domestic Production 

Importation Vas 

Pounds 

Value 

1913 

29,097 

846,900 


1914 

22,867 

34,277 

1363 

1915 

No record 


43 

1916 

No record 


16 

1917 

39,630 

70,000 

302 

1918 

103,694 

206,540 

2,236 

1919 

i 60,025 

125,966 

239 

1920 

92,141 

175,508 

-- 


1 Jap. Pat. 38,085, Feb. 24 (1921). 

^ Victor Lenher, Jour. Ind. and Eng. Chem. 12 597 (1920). 

^ “Selenimn and Seleniiun Salts,” Tariff Information Serios, F. L. 22, m 
(1921). 
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lomestic production has stopped the importation and in 
1 large shipments were expo-rted. 

Cetallurgy. — Selenium is easily prepared in the elementary 
a by the action of reducing agents upon selenious acid. A 
am of SO 2 is most commonly used to produce the amorphous 
a, but the same result is accomphshed by such reagents as 
, zinc, stannous chloride, potassium iodide, sodium thio- 
ate, phosphorous acid, and arsenious acid. Electrolysis of 
aious acid also yields the amorphous variety. The element 
' also be obtained in colloidal form by the action of a solution 
O 2 on selenious acid; by reduction of a dilute solution of the 
by hydrazine hydrate; or by pouring a solution of selenium 
arbon disulfide into a large volume of ether, 
roperties. — Selenium is known in several allotropic forms 
jh are classified in a variety of ways by different authors, 
modifications known as the amorphous, vitreous, and soluble 
IS may be considered as representing the same allotropic 
L even though they differ widely in appearance. For these, 
iders ^ has suggested the general name liquid selenium 
mse of the fact that they have no definite melting point. 
m these forms are heated they begin to soften perceptibly 
they become partly fluid at 100°, and fusion becomes 
plete at about 220°. After melting the material remains 
bic for a long time and shows a distinct metallic luster. 
36 forms are somewhat soluble in CS 2 . 
convenient classification of the various forms is as follows:— 
Amorphous selenium is obtained by the reduction of a 
bion of selenious acid or by almost any method in which 
lium forms rapidly from its solution or vapor. When first 
led it is a bright red powder, which may remain suspended 
le liquor for hours. When this powder is heated to about 
.t becomes darker in color and clots together, forming a soft 
3 closely resembling the vitreous form in properties. When 
rphous selenium is allowed to stand in contact with carbon 
Ifide, alcohol, benzene, or chloroform, it is transformed into 
crystals, slowly in the dark, more rapidly in the light, 
enfs such as quinoline or aniline convert amorphous sele- 
1 to the metallic form. 

L. P. Saunders, Jour. Phys. Chem. 4 423 (1900); see also Physical and 
iced Properties of Sd&nium, by Marc, published in Hamburg, 1907. 
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(5) Metallic or gray selenium is obtained from any of the other 
forms by heating to higher temperatures. Best results are 
obtained by allowing molten selenium to cool to 210^^ and keeping 
the material for some time at that temperature. This is the 
stable form of selenium between ordinary temperatures and 
the boiling point, 217®. It forms steel-gray hexagonal crystals 
which are isomorphous with tellurium. When pulverized it 
forms a black powder, but on fine grinding a red color appears. 
The change from vitreous or amorphous selenium to the metallic 
form is accompanied by the evolution of about 55 calories of 
heat. 

When heated in the air, selenium burns with a bright blue 
flame, forming solid Se 02 and emitting a disagreeable odor 
resembling that of rotten horse-radish, the cause of which is not 
known. Selenium combines directly with hydrogen, oxygen, 
the halogens, and many of the metals. These compounds are 
formed less readily than the corresponding sulfur compounds. 
But the halogen compounds of selenium are not so readily 
hydrolyzed as are those of sulfur. Selenium is soluble in sulfuric 
acid, yielding a green solution which is said to contain seleno- 
sulfur trioxide of the formula SeSOs. On diluting this solution 
selenium is precipitated. Nitric acid oxidizes it to H 2 Se 03 . 

Selenium boils at about 680°, forming a dark red vapor which 
may be condensed either as scarlet flowers of selenium or shining 
drops of molten substance. Vapor density measurements 
indicate the presence of associated molecules at lower tempera¬ 
tures, but at 900-950° the density indicates a molecular struc¬ 
ture Se 2 which is retained up to 1800°. Its molecules become 
monatomic at 2000°. Freezing point determinations indicate 
a molecule which is approximately Seg.^ On the basis of a 
diatomic vapor the latent heat of vaporization is 135.5 calories 
per gram, the heat of sublimation is 219.4 calories, and the heat 
of fusion 83.9 calories.^ 

The ability of selenium to conduct heat varies with the method 
of preparation of the sample, its age, and the temperature at 
the time of testing.® At 25° vitreous selenium shows a thermal 
conductivity between 0.000293 and 0.000328 and crystalline 

1 Zeit. anorg. Ch&n. 102 215 (1918). 

2 Jour. Am. Chem. Soc. 42 1579 (1920). 

® Jour. Proc. Boy. Soc. N. 8. Wales 51 356 (1917). 
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selenium between 0.00070 and 0.00183. The conductivity- 
increases with the temperature at which the sample is prepared 
and decreases with age. 

Metallic selenium conducts electricity rather poorly at ordi¬ 
nary temperatures/ but at 200 ° it becomes a fairly good con¬ 
ductor ; on the other hand other forms of selenium have their 
conductivity lowered by a rise of temperature. The change 
in conductivity is not uniform, but depends not only upon the 
allotropic form of selenium but also upon the previous treatment 
of the sample. Exposure to light, even for less than rrmr ^ 
second,^ produces an increase in the conductivity of granular 
crystalline selenium; an increase of 15 times or more has been 
claimed. When the light is shut off, the conductivity decreases 
rather slowly, reaching normal in a short time. The effect is 
produced mainly by the red rays, but very feeble beams of light 
make a notable change. It has been found that the Roentgen 
rays and radium produce a similar effect. The presence of 
turpentine, hydrogen peroxide, and various animal and vegetable 
pigments produce a slight increase in the conductivity of sele¬ 
nium. Many theories^ have been advanced to account for this 
phenomenon. It was first suggested that the change in con¬ 
ductivity was due to the heating effect of a beam of light, but 
later it was found that the temperature of liquid air had little 
effect upon the phenomenon. Other explanations offered were: 

( 1 ) the formation of another crystalline form of the element; ^ 

( 2 ) formation of metallic selenides at the electrodes, this theory 
being supported by the fact that the use of brass or copper 
electrodes is found to have a beneficial effect upon the efficiency 
of the cells; (3) it is suggested that fluorescence may form a 
connecting link between light and electricity; (4) the catalytic 
effect of light in favoring certain chemical reactions; (5) polar¬ 
ization between the individual crystals ^ which act as simple 
cells, the polarization being decreased by illumination; (6) the 
ionization of the material by light. This latter theory, which 
seems to be most in favor at present, is due to Fournier D^Albe. 

1 Bidwell states that selenium may have a resistance as high as 26,000 meg¬ 
ohms per cubic centimeter. 

2 Thirring, Z. techn. Physik 3 118 (1922). 

3 W. Spath, Z. Physik 8 [3] 165 (1922). 

4 H. P61abon, Compt. rend. 173 1466 (1921); ibid. 174 391 (1922). 

® Reichinstein, Zeit. wiss. Phot. 17 16 (1917). 
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According to this idea light produces an ionization upon the sur¬ 
face of the selenium, hence instantly increasing its conductivity. 
This theory explains easily why recovery is slow after the light 
is shut off. It also explains why the deep penetrating Eoentgen 
rays produce a similar effect but with a much slower recovery. 

Uses. — The most spectacular uses of selenium are dependent 
on its change of conductivity when brought from dark into light, 
although the amount of selenium used in devices of this sort is 
very small. This property has been known for a long time, 
since as early as 1873 Willoughby-Smith wrote, concerning his 
experiences with selenium as an insulator in ocean cables: By 
means of a telephone I can hear a ray of light falling on a metal 
plate.’^ The first successful selenium cells appear to have been 
prepared by Graham Bell and Sumner Tainter in 1878. Many 
improvements have since been made by increasing the surface of 
selenium exposed to the light, thereby reducing materially the 
resistance to the current and increasing the effect of the light. 
These cells are of various shapes and forms, but in general they 
consist of a device ^ for exposing to the light a maximum amount 
of a thin layer of selenium, giving a minimum distance for the 
current to pass through the selenium. A very important part 
in maldng a cell is to see that the selenium is carefully “ an¬ 
nealed ” by keeping it for some time at a temperature of about 
200° in order to obtain the gray crystalline modification. Some¬ 
times silver is added ^ and the heated material is allowed to cool 
very slowly to room temperature. 

Many suggestions have been made for the application of 
selenium cells, but few actual uses are found to be practical.® 
It has been used to measure faint sources of light, as from the 
variable stars and to turn on and off the light in lighthouses 
and buoys. It has been suggested also for transmitting photo¬ 
graphs or sketches by telegraph; for the production of soxmds 
in moving pictures; for burglar alarms; foi exploding torpedoes 
by a beam of light; for readmg by sound; for controlling the 
time exposure in photography; for automatically recording the 

1 See Selenium Cells and How They are Made, by Samuel Wein, Progress 
Publishing Company, New York. 

2 Ger, Fat, 304,261. 

® See Edward Cohen, Mineral Foote^Notes, Sept.-Oct., 1919, Foote Mineral 
Company, Philadelphia. 

See “Selenium Cell in Practical Photometry.’* Trans. III. Eng. Soc. 15 
827 (1920). 
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density of smoke in flues and reaction 'chambers, and for a great 
variety of other more or less utopian purposes. The principle 
upon which these contrivances operate is the varying intensity 
of a beam of light. For example, the photophone is arranged 
to permit a person to telephone along a beam of light. The 
light falls upon a metal disk like that in the transmitter of a 
telephone. As the disk vibrates the beam of light is broken up 
into waves of varying intensities. By directing this fluctuating 
beam toward a concave mirror the light is focused upon a sele¬ 
nium cell, which when properly connected with a telephone 
receiver reproduces the original sounds. This is probably the 
earliest wireless telephone, and has been used over a distance of 
230 yards. In 1898^a similar receiving set was used in connec¬ 
tion with the speaking arc as transmitter and a conversation was 
heard at a distance of nearly five miles. In spite of its disad¬ 
vantages the selenium cell may be found useful in telephony ’• 
and in controlling many manufacturing processes.^ 

The most practical device of this type at the present seems to 
be in connection with the lighthouse service, where lights in 
isolated places are actually regulated by means of the selenium 
cell. The “ tell-tale ” which indicates when a ship is off its 
course ought to be useful. Another application which may 
be developed through the selenium ceU or some similar mech¬ 
anism is the speaking movie. In the Lauste system ^ the pic¬ 
tures and sounds are recorded on the same film; the sounds are 
reproduced by means of a selenium cell and a telephone system. 
It is claimed that the sounds are reproduced with the utmost 
fidelity, but the great advantage with this system is the absolute 
synchronism obtained. 

Some of these devices may become useful, the chief difficulty 
now seeming to be the slow recovery of the maximum resistance 
in the selenium cell. Experiments have shown ^ that the sele¬ 
nium shows marked fatigue from which it recovers quite slowly, 
especially after exposure to intense illumination. A serviceable 
device to overcome this characteristic is to use a series of cells so 
arranged that while one is in use the others are recovering in the 
dark. 

1 Thirring, Z. techn. Physih, 3 118 (1922). 

2 Logan, Jour. Ind, and Eng. Chem. 15 40 (1923). 

^Sci. Am. Vbg, 22 (1917). 

^ Elehtroteohn. Z&iL 40 104 (1919). 
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Ceramic ^ industries are the main consumers of selenium at the 
present time, the largest use being as a decolorizer in the manu¬ 
facture of glass. During the war the shortage of manganese 
encouraged the use of selenium to correct the green color of glass 
due to the presence of ferrous iron. It was found that the 
resulting glass was particularly brilliant and free from impurities. 
Consequently the use has .increased steadily in spite of the pre¬ 
diction that the cost would be prohibitive.^ In 1921 there was 
a ready sale for all the selenium produced in this country. . The 
selenium was formerly added as the element, but since the loss 
is heavy due to its volatility, the addition is now commonly 
made as an alkaline earth compound. When selenium is added 
in small amounts, it produces a faint pink color. Since this 
color is not exactly complementary to the green produced by 
ferrous iron, a little cobalt oxide or arsenious oxide is also com¬ 
monly added. A batch of bottle glass composed of 1000 lbs. of 
sand, 200 lbs. limespar, and 370 lbs. soda ash is decolorized by 
I ounce of selenium'*^ and - 3 ^ ounce of cobalt oxide. If soda ash 
is replaced by salt cake a larger amount of selenium is required, 
and in such a case is best added in the form of Na 2 Se 03 . When 
selenium is added to molten glass the doors of the furnace should 
be closed securely for a time to prevent the loss of this element 
by burning out. After the selenium is thoroughly incorporated 
in the melt, there is little loss up to 1400°,^ probably due to the 
fact that it is held in colloidal solution. If larger amounts of 
selenium ar^ added ruby glass is produced, highly prized for 
signal lamps because practically all the red rays of light are 
transmitted while nearly all other wave lengths are eliminated. 
Selenium is also used in the manufacture of red enamel ware and 
for the production of enameled steel products. 

Experiments have been made in regard to the uses of selenium 
in vulcanizing rubber. One process ^ adds 28 per cent selenium 
at a temperature of 160°; 4 per cent naphthylamine is added 
as an accelerator together with zinc oxide. It is claimed that 

1 The word “ceramic,” as here used, is intended to include glass, glazes, and 
enamels as well as clay products. This broader interpretation of the word is 
recommended by a Committee of the American Ceramic Society, Jour. Am. 
Cer. 800 , 3 526 (1920) and indorsed by W. A. Oldfather, ihid. 3 637 (1920). 

2 See Victor Lenher, Jour. Ind. and Eng. Chem. 12 697; also Jour. Soc. Jap. 
Ceram. 338 44. 

® Turner and Cousen, quoted in Mineral Industry 30, 616 (1921). 

^ Jour. Am. Carom. Boo. 2 896. « V. S. Pat. 1,249,272 (1918). 
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rubber prepared in this way lasts longer than a similar rubber 
which has been vulcanized with sulfur, but this claim does not 
appear to be justified. The fact that selenium has a higher 
melting point than sulfur introduces difl&culties when attempts 
are made to use the former for vulcanizing processes. 

A trace of selenium in printers^ ink has a remarkable effect in 
retarding the drying process.^ 

Selenium cells have been suggested as a rectifier.^ If an 
alternating current is superimposed upon a direct current passing 
through a selenium cell, the latter is augmented. A battery has 
been made capable of furnishing a direct current at 6000 volts 
when fed by an alternating current. 

Selenium has been used experimentally in the palliative treat¬ 
ment of cancer and tumors. Prepared in the ordinary way 
selenium is distinctly toxic, but electrically prepared colloidal 
selenium is said to be non-toxic as long as it is not exposed to 
an acid atmosphere. It is difficult to determine whether this 
material is successful or not. 

Compounds of selenium have been tested experimentally in 
various ways. Certain selenides^ have been used in a limited 
way for treatment of cancer, tumor, syphilis, etc. Only the 
simplest compounds have been tried and success is not marked. 
Wasserman has attempted to substitute selenium for sulfur in 
the manufacture of dyestuffs. The substitution of selenium for 
sulfur in the preparation of fungicides and insecticides produces 
a spray, which in some cases seems to be more efficient than its 
sulfur relative. But in these uses, as in other applications of 
selenium, the cost of the material makes the utility extremely 
doubtful. Selenium dioxide has been suggested as a catalyst 
in the manufacture of sulfuric acid,^ according to the reaction 
Se02 + 2 H 2 O + 2 SO 2 = Se + 2 H 2 SO 4 . The selenium is 
recovered by filtration and used again, while the selenium in 
solution in the acid is precipitated by adding SO 2 . The value 
of this process is doubtful because of the fact that the presence 
of a small trace of selenium in sulfuric acid interferes seriously 
with certain uses of sulfuric acid. Certain compounds of 

1 T. W. Anstead, Chem. and Met. Eng. 27 305 (1922). 

2 Arc. ad. phys. nat 44 472 (1917). 

3 For preparation of metallic selenides in colloidal form, see Brit. Pat. 173,507, 
Dec. 22, 1921. 

^ U. 8. Pat. 1,341,462, 
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selenium, especially lead and barium selenite, have been used 
successfully as paint basest They are fine grained, are very 
white, and possess an exceptionally high index of refraction, 
which gives them an intense opacity. ' 

Compounds. — The compounds of selenium resemble those 
of sulfur closely. The valence of the element is - 2 in the 
hydride, + 4 in the dioxide and its derivatives, and + 6 in the 
selenates. In all of its compounds selenium displays the prop¬ 
erties of a non-metal, its acid-forming tendency being marked 
especially in its higher valence. 

Oxygen apparently forms only one well defined compound with selenium, 
Se 02 , although several others are mentioned. Berzelius states that the 
characteristic odor of burning selenium is due to the formation of a sub¬ 
oxide SeO. It is suggested ^ also that Se203 is formed when selenium is 
dissolved in H2Se04; if such a compound exists it should probably be con¬ 
sidered as a selenium derivative of SeSOs, formed when selenium dissolves 
in H2SO4. Selenium trioxide has not been isolated, although derivatives 
of tliis compound are well known. 

The dioxide is formed ® by burning selenium in oxygen containing nitrous 
fumes or by oxidation with nitric acid. Molten sulfur displaces selenium, 
SO2 being formed. Se 02 is a true anhydride, five parts dissolving in one part 
of hot water; from the crystals of selenious acid Se02 is readily obtained by 
heat. 

Selenious acid,^ H2Se03, resembles sulfurous acid in the method of 
formation, the nature and kinds of salts formed, and its general behavior 
with oxidizing and reducing agents. Reducing agents precipitate elemen¬ 
tary selenium, rapidly in the presence of heat and sunlight, more slowly 
in the cold and dark. On exposure to air a colorless solution of selenious 
acid, soon develops a red tint due to tjie liberation of red selenium by the 
dust of the air; this is in marked contrast with the behavior of sulfurous 
acid, which oxidizes in the air. The selenites of the alkali metals are soluble 
in water, but those of the other metals are insoluble; the acid selenites are 
soluble compounds. 

Selenic acid, H2Se04, is formed by the oxidation of selenious acid by such 
reagents as potassium permanganate, chlorine, or bromine. The best 
method ® of preparing pure selenic acid is to add pure bromine to Ag2Se08, 
filter off AgBr, and warm to remove bromine and water. Add H2S to 
remove H2Se03 and filter off the precipitated S and Se. The water solu¬ 
tion of selenic acid can be concentrated somewhat at ordinary pressures, 

1 Henry A. Gardner. Circular, No. 62. Educational Bureau of Paint 
Manufacturers’ Association of U. S-, Apr., 1919. 

2 Cameron and Macallan, Proc, Roy, Soc. 46 13 (1890). 

3 J. Meyer, B&r. 65 B 2082 (1922;. 

< Rosenheim and Krause, Z. anorg. aUgem. Chem. 118 177 (1921); Manchot 
and Ortner, ibid. 120 300 (1922). 

® Tram. Wis. Acad. Sci. Arts and Letters 19 369 (1918). 
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but before all the water is driven off the acid begins to decompose, yielding 
Se 02 , oxygen, and water. By evaporating under diminished pressure 
nearly anhydrous H2Se04 may be prepared. When the concentrated acid 
is diluted, much heat is evolved; it also has the power of charring many 
organic compounds; it forms hydrates corresponding in general to those 
of sulfuric acid. The hot aqueous solution dissolves gold and copper, being 
itself reduced to selenious acid; but with the more active metals, it yields 
selenates and hydrogen. Selenic acid is reduced ^ by H2S, SO2, sulfur, 
and selenium, somewhat slowly at room temperature, but more rapidly in 
concentrated solution and at higher temperatures. Concentrated HCl 
reduces it with the liberation of chlorine; consequently, a mixture of selenic 
acid and concentrated hydrochloric acids wiU dissolve gold and platinum 
readily. Nitrosyl selenic acid is formed by the action of liquid N2O8 on 
pure H 2 Se 04 • H2O. It is unstable, decomposing at 80 °.^ 

The selenates are formed by oxidation of the selenites or by fusion of 
selenium or selenium dioxide with KNO3 or Na 202 . They resemble the 
sulfates remarkably, in hydration, crystalline form, and solubility. Barium 
selenate, while highly insoluble in water, is reduced with boiling HCl solu¬ 
tion, yielding the soluble H2Se03. This treatment reduces all selenates, 
and consequently it is of value in the detection of selenium in the higher 
state of oxidation. 

Perselenates and perselenic acid are not formed under conditions which 
are most favorable to the formation of persulfates and persulfuric acid. 
Complex selenates are known.^ 

Fluorine forms a tetrafluoride, SeF4, by interaction of the elements at 
ordinary temperatures and a hexafluoride, SeFe, when the reaction takes 
place at — 78 °. The former is hydrolyzed by water. 

Chlorine forms the monochloride, Se2Cl2, and the tetrachloride SeCU. 
The former is made by passing a current of chlorine over selenium or gaseous 
HCl into a solution of selenium in fuming nitric acid, or it may be made by 
passing dry HCl into a solution of selenium in oleum,^ with gentle heating. 
It is a brown oily liquid which decomposes on heating, yielding selenium 
and its tetrachloride; it is hydrolyzed, giving selenious acid and selenium. 

Seleniiun tetrachloride is prepared by the action of chlorine on Se2Cl2 
or by the reaction: 3 Se02 -f 3 PCI 5 = 3 SeCb + P2O6 -}- POCI3. It is 
a yellow solid, which sublimes readily and is hydrolyzed by contact with 
moisture. 

Selemum oxy-Moridej SeOCb, is one of the most interesting compounds 
which the element forujis.® It is most easily formed by the reaction of 
SeCl4 and Se02 in carbon tetrachloride or chloroform solutions; it may also 
be prepared by the partial hydrolysis of SeCU; or by passing HCl gas into 

^ E. B. Benger, Jour. Am. Chem. Soc. 39 2171 (1917). 

® Meyer and Wagner, iMd. 44 1032 (1922). 

® J. Meyer, Z. anorg. aUgem. Chem. 118 1 (1922). 

* Heath and Semon, Jour. lud. and Bug. Chem. 12 1100 (1920). 

® See articles by Victor Lenher and his associates, Jour. Am. Chem. Boo. 42 
2498 (1920) ; ibid. 43 29 (1921); ibid. 43 2378,2383; ibU. 44 1664 (1922) ,* Jour. 
Phys. Chem. 26 156 (1922). 
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Se 02 at moderately low temperatures, forming Se 02 • 2 HCl, which on 
dehydration yields SeOCL. As usually prepared the oxy-chloride has a 
yellow color, though the pure compound is nearly colorless. It is a heavy 
liquid (Sp. gr. 2.44) which boils at 179.5° and decomposes in contact with 
moisture in the same manner as other acid chlorides. It mixes in all pro¬ 
portions with CS 2 , CCI 4 , CHCI 3 , CeHe from which it may be separated by 
fractional distillation. It dissolves sulfur, selenium, and tellurium readily 
and reacts with most metals to form chlorides. It dissolves also rubber, 
redmanol, bakelite, gums, resins, celluloid, gelatin, glue, and asphalt. 
Possibly its most important properties are from its ability to serve as a 
selective solvent, in such cases as separation of unsaturated hydrocarbons, 
with which it reacts vigorously from the saturated series, which react only 
slowly at high temperatures; it dissolves sugar and starch when warm but 
has no effect on cellulose; it dissolves the resinous portion of coal, leaving 
a carbonaceous residue; it dissolves MoOa, forming a solution which 
by a reversible photo-chemical action is colorless in the dark but becomes 
blue in the light; it does not dissolve WO 3 , hence it may be used to separate 
molybdenum and tungsten; in the presence of sulfuric acid it dissolves 
Cb 206 readily, while Ta 206 is almost insoluble. 

Selenium oxy-bromide, SeOBr 2 , is prepared by the interaction of Se02 
and SeBr 4 . It is a reddish-yellow solid, melting at about 41.6° and de¬ 
composing at slightly higher temperatures. The liquid is an active solvent 
and a strong oxidizing and brominating agent.^ 

Hydrogen combines directly with selenium, forming H 2 Se. The union 
takes place slowly below 320°, more rapidly at higher temperature, but as 
the temperature rises the reverse reaction becomes more apparent. At 
about 575° the maximum yield of H 2 Se is obtained. The best method of 
preparation is by the action of dilute HCl upon a metallic selenide, such as 
Na 2 Se, FeSe,2 or AbSes.^ Hydrogen selenide is a colorless gas, combustible, 
stable in sunlight, unaffected by dry oxygen, and possesses a persistent and 
disagreeable odor. Berzelius records ^ that a single bubble of the gas so 
paralyzed his sensory nerve that he was unable to distinguish the odor of 
strong ammonia for several hours. The sense of smell returned after five or 
six hours, but severe irritation of the mucous membrane lasted for a fortnight. 
The gas dissolves in water at the rate of 3.31 volumes in one volume of 
water at 13.2°. The solution reddens litmus, absorbs oxygen from the 
air, precipitating red selenium, precipitates metallic selenides, and is decom¬ 
posed by sulfur. 

Sulfur forms several series of mixed crystals with selenium, but there 
appears to be no simple compound of these elements. 

SelenosuHur trioxide, SeSOa, is formed when selenium is dissolved in 
fuming sulfuric acid or in sulfur trioxide. It forms a green solution. 

Many compounds of selenium, corresponding to well known sulfur 
compounds, have been prepared, such as: selenosulfuric acid, H 280803 ; 

1 Lenher, Jour. Am. Chem. Soc. 44 , 1668 (1922). 

* Moser and Doctor, Z. anorg oMgem. Chem. 118 284 (1921), 

* J. R. Pound, Trans. Chem. Soc. 121 941 (1922), 

« l/ehrbmh Aufl. 2 3X3, 
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soicnotrithionic acitl, IlsScSsOr,; NiiiSi-,. * )<• fii •» vt- .1 

many organic oompoumlH may ruii.. 

I)Oimds as ethyl selenide, ethyl selenie arid, Hrleritin-a. rir. i H p ain nl>r 
interest arc trirnothyiarHine H(‘lc*ni(h%* d 'J!ami a f^r-lruium 1,^*1 
gas of the composition dichlordief hyl " 

Detection.^—- In the ordinary H<‘hem<Mtf i|iialitativi- 
selenium is precipitated with the Htilficies f>f (hmip f I i^y II ,> * * ifi- 

itate is dissolved in (NH4)2 Hk ami Helc*nitnii in rr|»riaipif;«f»-»i i«n 
tion. The following are eharaf’tcriHtic vnutirnminry tmU, 

(a) Precipitation of red Hchmium from cool wienioim a# id hy 

SO 2 , SnCls, mum, and other reducing agent?*. I "mnlh on h.-ming f 
precipitate turns lilaek. 

(b) On heating selenium or its conipotmds an fifleietivi^ odor, 
rotten horse-radish, is <‘mitle(I. 

(c) Metallic selenium disHoIvcH in sfrmig mlimk ginnit a Rfrrn 
solution. On dilution the color disappear?^ htjt reil m4**mnti^ tptimU'n. 

(ri) For the detection of selenitim and tiiluniiin froiri thr 
saturate the solution with HOg and digest the prcnpitatr nitli 
cyanide solution. Selenium dismdvisH and may he ri'|iirr}|iitiifrt| l#y .findi* 
fication of the cyanide solution ; the rcsifluc %Mrh d«w'# nut diwol%'r m 
cyanide may be toted for tellurium. 

Because of the fact that as little an 0,-5 milligniiii of wdrniiiin m m lifrr #if 
sulfuric acid spoils thci acid for uw? in tin* maiinfnrturc of pu-im', ilrirr-.. 
tion of selenium in sulfuric acid is (»f sfw'riid iiti|Msrt:iiiiri* A 4«*lp-citr 
for selenium is carried out m follows: iJihitr « |M.irtioii of tlir milfiinr im4, 
add HCl and SOg, when red Hchuiimn prcf'i|utii!c-t<, 111*'’ frdlomiiig 
are also recommended: (a) a few cryMlals of lit tri llii’* #«iifiirir 

acid undcjr examination and if 8i*lcniuiit is prcw’iit if. m pfri'ifniiilwl f»r 
iodine is liberated, and may l>e dctccfi'd hy utarrli wdiitioii, ilj fi frw 
drops of the sulfuric acid tinder exarniiiitf ion arc wldctl f«» *w|riti 
when a green or bluish green color indicnti^ the of wlniiiiifil 

Determination, — The gravimetric didirminatifiii of *ririiiuifi 1 % cjiticif 
out by weighing the element on a fared tiller. 0 iiei4e 

with sulfur dioxide or Na^BOs from asoltit-ifiti wlifwtt* hiilh $m ni df| 
cent hydrochloric acid; or hy an excess of |iohij*i»iiiiri ^4*lr*i l« 4 

solution containing HCl. In both citfiea the material ifliotild b' boirtf 
1O-20 minutes till the black selenium mmuUm, mmm thm hiriii 1 # tip*i** easily 
filtered and washed. 

Volumetrically selenium may Iki deienidtii^l in iit*veriil wny# ' 

(1) SaleniouB acid rasete with a known mm-m of »ii indidr. In tlit^ firw* 
enoe of arsenic acid, which m raducfd to ariil Aflfr bwliftf te 

* Kenshaw and Holm, Jmr, Am. Ch^m, 4S yiltf (IWMIh 

® Heath and Bemon, Jmr. Ind. ami Kn^, li IMii' 

Bogart and Herrard, Jour. Am. Chmt. 4i Sin 

^ S#© Compt. rend. 163 332 

^■BmBhoAnn.Mm.anal.U nimiH}i C*. A. IS lim f IlilUl; mmmk wii4 
Koller, Jour. Am. Chem. Boo. ^ (IBlfl). 

® B. Schiaaidt, Arch. Pfmrm, SiS 16i ; C, A. $ Still Clilil'. 
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remove iodine, the amount of arsenious acid is determined by titration 
with iodine. 1 

(2) Selenious acid in the presence of HCl is treated with a known excess 
of Na 2 S 203 , when this reaction takes place: H 2 ie 03 + 4 Na 2 S 203 H- 4 HCl 
= Na2S4Se06 -1- Na2S406 + 4 NaCl + 3 H 2 O. The excess thiosulfate is 
titrated with iodine.^ 

(3) By adding an excess of KMn 04 , selenious acid is oxidized to selenic 
and the excess permanganate determined with oxalic acid solution.^ 

(4) Selenic acid may be reduced to selenious by HCl and the chlorine 
liberated caught in iodide solution/ The electrolytic determination^ of 
selenium can be carried out only in the absence of tellurium, and its success 
is still somewhat doubtful. 


Tellurium 

^ History. — The early mineralogists were puzzled by a substance which 

they found in small quantities in various ores. It had a decided metallic 
luster, but its behavior was distinctly non-metallic. So they called it 
“ aurum paradoxum ’’ or metallum problematum.’’ In 1782 Reichen- 
stein made a preliminary study of the substance and reached the conclusion 
that it was a new metal with peculiar properties. Klaproth, in 1798, took 
up the study of tellurium ores, became convinced that it really was a new 
element, and suggested the name tellurium, meaning the earth element. 
Thus the discovery of tellurium preceded by nearly 20 years that of sele¬ 
nium, although the latter is probably more abundant in nature. However, 
there was almost nothing done toward developing the chemistry of tellu¬ 
rium until Berzelius in 1832 made a much more thorough study of the 
element and its compounds. He concluded that the substance was essen¬ 
tially a metal, but since its compounds so closely resembled those of sulfur 
and selenium he placed it in the sulfur group. Because of lack of uses for 
tellurium and its compounds, its later development has been almost wholly 
neglected. For a long time after the announcement of Mendeldeff's table 
p the only interest in this element was in connection with its atomic weight. 

Recently there are indications of revival of interest in connection with 
tellurium. 

Occurrence.—Tellurium like so many of the other rare ele¬ 
ments occurs widely distributed in nature, but almost always in 
small amounts. It is found as native or graphic, tellurium, asso¬ 
ciated with sulfur, selenium, gold, silver, bismuth, copper, and 
other metals. It also is found in combination with many metals 
giving such ores as sylvanite (Au, Ag)Te 2 , petzite (Ag, Au) 2 Te 

^ Gooch and Pierce, A7n. Jour, Sci. (IV) 1 31 (1896). 

2 Norris and Fay, Am. Chem. Jour. 18 703 (1896) and 23 119 (1901). 

® Gooch and Clemons, Am. Jour. Sci. (Ill) 1 51. 

^ Gooch and Evans, Am. Jour. Sci. (Ill) 1 400; also ZeiL anal. Chem. 67 277 
(1918). 

®E. Mailer, Zeit. physik. Chem. 100 346 (1922). 
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hessite Ag 2 Te, altaite PbTe, coloradoite HgTe,. and tetradymite 
Bi 2 (Te,S) 3 . Telluric ochre or tellurite is impure Te 02 , and a 
selenide, Te 3 Se 2 , forms dark gray hexagonal crystals. Monta- 
nite, a bismuth tellurate, is found in one locality in Montana. 

Tellurium is commonly said to be less abundant than selenium, 
but this may be due to the fact that no effort has ever been made 
to collect tellurium from its various sources. The total amount 
of tellurium in gold deposits alone is probably very large. 

The chief sources of tellurium at the present time are the 
slimes from the electrolytic tanks of the copper and lead refiner¬ 
ies and the flue dusts from the smelters using certain ores, 
especially telluride gold ores. It is estimated ^ that the United 
States alone could produce annually as much as 125,000 pounds 
of tellurium without making any material additions to the 
present plants. The amount actually marketed has been small 
and subject to material variations. No reliable data are avail¬ 
able as to the amount sold. 

The price of tellurium appears to be wholly artificial. It is 
stated ^ that the price during the war was about $3.00 per pound, 
although as high as $5.00 has been charged. Sales are also 
recorded as low as 50 cents per pound, and an average price is 
somewhere around $1.50 to $2.50 per pound. 

Extraction. — Tellurium is obtained from the same sources as 
selenium. The slimes from the electrolytic refining of lead 
usually yield more tellurium, while the slimes from copper refin¬ 
ing are richer in selenium. Tellurium is extracted from flue 
dusts and slimes by the methods used in the reclamation of' 
selenium, the two elements usually coming out together. Tel¬ 
lurium may be precipitated as Te 02 from the boiling solution 
by adding sulfuric acid,^ according to the reaction Na 2 Te 03 
H- H 2 SO 4 = Na 2 S 04 “f- Te 02 “f" H 2 O. The addition of the 
acid must be made slowly, for the solution froths badly and if 
too much acid is added Te 02 is redissolved. From the mother 
liquor selenium is precipitated by adding sulfur dioxide. 

Metallurgy. — Metallic tellurium may be prepared from the 
precipitated tellurium dioxide by either the dry or the wet 
process. In the former the material is carefully dried, and 

1 Victor Lenher, Jonir. Ind. and Eng. Chem. 12, 597 (1920). 

2 Min. Ind., 1917, p. 619. 

2 Morris and Binder, Eng. and Min. Jour. 106 443 (1918), 
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mixed with powdered charcoal in the proportion of about 3-5 
per cent by weight. The charge is placed in a suitable furnace, 
carefully covered to prevent loss of tellurium and heated to a 
temperature between 450° and 500° C. The yield of tellurium 
may be as high as 95 per cent, but it is sometimes as low as 50 
per cent, due largely to loss by volatilization. 

In the wet process the Te02 is dissolved in strong hydro¬ 
chloric acid, about 4 pounds of commercial acid being required 
for each pound of the dioxide. The solution is diluted with 
water to facilitate the precipitation of the tellurium, but if too 
much water is added Te02 is thrown out of solution. Sulfur 
dioxide is passed through the solution, and the tellurium is pre¬ 
cipitated as a dark gray powder. This is filtered out, dried, and 
prepared for shipment by grinding to a fine powder or remelting 
and casting into cakes or sticks. 

The dry method is more rapid, but the loss is great and 
the fumes objectionable. There is little difference between the 
methods either in cost of operation or in the purity of the 
product. 

Tellurium is also sometimes prepared from the alkaline resi¬ 
dues obtained in the process of extracting bismuth from its 
ores. They are acidified with HCl and tellurium precipitated 
by sulfur dioxide. From the minerals such as tetradymite, 
tellurium may be extracted by heating strongly with sodium 
carbonate and oil. This forms sodium telluride, Na 2 Te, which 
is extracted with water, the tellurium being precipitated by 
exposure to the air. 

Crude tellurium prepared by any of these methods contains 
many impurities. To obtain pure tellurium the crude material 
is dissolved in aqua regia, and the excess nitric acid expelled by 
hydrochloric acid. Dilute so as to precipitate PbCh, which is 
filtered out, and the tellurium is precipitated from the filtrate by 
means of SO 2 . This is then fused with potassium cyanide and 
the melt is extracted with water, and after filtering, tellurium is 
precipitated from the clear solution by a stream of air. Finally 
the powder is melted and distilled in an atmosphere of hydrogen. 

Purification may also be brought about by boiling the crude 
tellurium with sodium sulfide and powdered sulfur. On adding 
sodium sulfite, pure teUurium is thrown down as a dark gray 
powder. 
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Properties. — Tellurium is commonly described as giving 
several allotropic forms/ but these are doubtful. A form of 
tellurium sometimes described as amorphous is obtained by the 
reduction of tellurous or telluric acid by sulfur dioxide, hydra¬ 
zine hydrate, hydroxylamine, or other similar reagent. It is 
probable that this is not a distinct allotropic form, but that it 
is a finely divided condition which corresponds to the powder 
formed by most of the elements. Powdered tellurium is a fine 
black powder with a specific gravity of 6.015. On heating it 
becomes crystalline, heat being evolved.^ Crystalline tellurium 
is silvery-white in color, possesses a decided metallic appearance, 
and is so brittle that it may easily be ground to a powder. It is 
a poor conductor of heat and electricity, its conductivity varying 
only slightly with change of illumination. It has a specific 
gravity of 6.27, melts at 452°, and boils ^ at about 1400°, giving 
a vapor with a golden-yellow color. The molecular weight of 
tellurium corresponds to the formula Te 2 . Its crystals are 
rhombohedric in form and are insoluble in water and carbon 
disulfide,'but soluble in nitric acid, strong sulfuric acid, and aqua 
regia. Hydrochloric acid does not attack it, but it dissolves 
in hot alkali solutions, forming both tellurides and tellurites. 
At ordinary temperatures tellurium remains unchanged in the 
air or in oxygen, but on heating it burns with a blue (or green) 
flame, forming Te02. Colloidal tellurium may be prepared 
by the reduction of telluric acid or by electrolysis of a solution 
of tellurium in nitric acid. 

Tellurium gives a most peculiar and characteristic effect when 
introduced into the animal body through the lungs, stomach, or 
skin. Even in small amounts it produces a tellurium breath 
which is both offensive and persistent. The objectionable odor 
is also shown in the perspiration. 

The atomic weight of tellurium has furnished a problem of 
IrAPn iTitArest to chemists. Its close relationship to sulfur and 
—lire its location in the Periodic Table in Group VI, 
y iodine. But the atomic weight determinations 
i a value of 127.5 and iodine 126.92. Because 

’0 allotropy of toilurium soo Cohen and Kroner, 
>13) and A. Damiens, Compt. rend. 174 1344 (1922). 

174 1548 (1922). 

le boiling point is found to be 478® according to 
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of this apparent discrepancy many efforts have been made to 
find in tellurium an unknown element of higher atomic weight.^ 
This possibility has seemed inviting also because of the fact 
that in Group VII there is room for three elements now unknown. 
Although some workers have reported results which give tellu¬ 
rium a lower atomic weight than iodine, other investigators ^ have 
failed to confirm these conclusions. The determination of the 
atomic numbers has shown that tellurium should be placed 
before iodine in spite of its higher atomic weight. 

Uses.^ — Tellurium has for some time been known as the 
useless element because there have been so few applications for 
it in the industries. Its resistance to acid corrosion has sug¬ 
gested that it might be serviceable as an alloying element in the 
preparation of resistant alloys, but none seem to have been 
successful. It alloys with lead without difficulty,^ increasing 
hardness and brittleness. It alloys also with tin, increasing 
the tensile strength materially but increasing its hardness only 
slightly. An alloy of zinc and aluminium with a small amount 
of tellurium has been prepared. It may be rolled into sheets, 
giving a firm metal for which great merit is claimed. These 
alloys appear to be of little value. As far as now known the 
action of tellurium forms a telluride with the metal, and these 
tellurides appear to be only slightly soluble in the molten mass. 
Tellurium has an electrical resistance of 200,000 microhms per 
centimeter cube, the highest of any metal. Consequently, 
its alloys may become useful as high resistance material. Tel¬ 
lurium has been used in a limited way for the coloring of glass 
or porcelain, producing brown, blue, or red under various condi¬ 
tions. In acid solution it is used as a dip for silver ornaments, 
giving a finish similar to that obtained by dipping in a plati¬ 
num solution. A solution of tellurium in sodium sulfide is used 
in toning photographic prints. Tellurium dioxide dissolved in 
hydrochloric acid is used to number the inner stems of electric 

1 Steiner, B&r. 34 570 (1901); Mint, Am. Jour. Sci. (iv) 28 347 (1909) and 30 
209 (1910). 

2 Baker and Bennett, Jour. Chem., Soc. 91 1849 (1907) ; Marckwald, Ber. 
40 4730 (1907) and 43 1710 (1910); Lenher, Jour. Am. Chem. Soc. 30 741 
(1908) and 31 20 (1909). 

® See Serial 2385, Tellurium and its Uses, by H. A. Doerner, XJ. S. Bureau of 
Mines. 

* Ransom and Thieme, Chem. and Met. 26 , 102 (1921); Preifuss, Zeit. elek- 
iroch&m. 28 100, 224 (1922). 
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light bulbs, heat producing the metal, which marks the glass 
permanently. The similarity of tellurium to selenium and sul¬ 
fur suggests the use of the former in the dye and drug industries. 
The alkali tellurides are effective remedies against excessive 
perspiration, but their use has not been popular because of the 
offensive odors produced especially in the breath and perspira¬ 
tion. These compounds also produce marked physiological 
effects similar to those of arsenic.^ They have been tried as a 
cure for cancer, tumor, syphilis, etc., but the results are not 
convincing.^ Since tellurium dioxide is decomposed at red heat 
it becomes a powerful oxidizing agent, so its use has been sug¬ 
gested in the manufacture of sulfuric acid,^ and in combustions.^ 
Recent investigations have shown that tellurium crystals are 
useful in the detectors for wireless telephones. The popularity 
of wireless equipment is shown by the fact that a single company 
has sold ® over a ton of tellurium for this purpose, although each 
instrument requires only a few grams of the element. The most 
interesting application yet suggested is as an anti-knock agent 
to be added to gasoline.® It has been found that the addition 
of a small per cent of diethyl telluride to gasoline permits the 
use of high compression motors, by means of which the mileage 
obtainable is increased as much as 100 per cent. A decided 
disadvantage in the use of this compound comes from its per¬ 
sistent and unbearable odor. If some method can be found to 
overcome this obstacle this device would not only serve to use 
large quantities of tellurium but it would also tend to conserve 
the supply of gasoline. It is estimated that to“ tellurize ^^all 
the gasoline now used in automobiles would require 1500 tons 
of tellurium per year. 

Compounds. — The compounds of tellurium resemble those 
of sulfur and selenium quite closely, but it is somewhat more 
metallic than either of these elements. It seems logical to 
expect the oxygen compounds of tellurium to be easily reduced, 
but it is found that the compounds of selenium are more easily 
reduced than either the sulfur or tellurium compounds.^ 

1 William J. Giea, Merck 'h Archives, Juno, 1901. 

2 Lenhor, Jour. IncL and Eng. Chem. 12, 597 (1920). 

angew. Chem. 34 154, 157, 162 (1921). 

4 U. S. Fat. 1,341,402. 

8 Chem. and Met. Eng. 27 640 (1922). 

« Midgley and Boyd, Jour. Ind. arul Eng. Chem. 14 849 (1922). 

^ Benger, Jour. Am. Chem. Soc. 39 2179 (1917). 



TELLURIUM 


333 


Ox'ijgen forms three oxides, TeO, Te02, and TeOs. The first two are 
somewhat basic in nature and are represented by numerous salts in which 
tellurium is bivalent or quadrivalent, respectively. The dioxide and the 
trioxide are both mainly acidic in character, although a few hexavalent 
salts of tellurium are known. 

Tellurium monoxide, TeO, is obtained by heating TeSOs in a vacuum to 
230°, sulfur dioxide being evolved. It is amorphous, brown to black in 
color, and is easily oxidized. 

Tellurium dioxide, Te02, forms when tellurium is burned in the air. 
It forms white crystals, which melt and boil without decomposition. They 
are only slightly soluble in water, but react readily with the fused alkalies, 
forming tellurites. Tellurous acid, H 2 Te 03 , is formed by acidifying the 
solution of an alkali tellurite or by dissolving tellurium in nitric acid, when 
an unstable nitrate is formed from which tellurous acid separates as a 
voluminous white precipitate when the solution is poured into water. 
The tellurites of the alkali metals are best prepared by fusion of TeO 2 in 
caustic alkali; concentrated solutions of the alkalies dissolve TeO 2 rather 
slowly, while dilute solutions are almost without effect. The tellurites of 
the heavy metals are insoluble in water but soluble in hydrochloric acid. 
The tellurites are usually of complex character rather than of the simple 
character of the analogous sulfites. Oxidizing agents transform tellurous 
acid to telluric acid; tellurium is precipitated by sulfur dioxide but not by 
ferrous sulfate. 

Tellurium trioxide, TeOa, is made by carefully heating H2Te04 to a red 
heat. It is an orange-yellow crystalline substance, sparingly soluble in 
water, and easily decomposed by heat, forming the dioxide and oxygen. 

Telluric acid, H 2 Te 04 • 2 H 2 O or HcTeOe, is made by oxidizing tellurous 
acid, best by CrOa, or the chlorates; ^ by the action of an acid on a tellurate; 
or by the oxidation of TeCU by chlorine.^ It differs markedly from sulfuric 
and selenic acids by being a solid, much less soluble in water and much less 
completely ionized. As an acid it is very weak, much like boric or hydro¬ 
cyanic acid, the ionization ^ constant of a normal solution being 1.6 X 10“^. 
It forms various hydrates, it undergoes polymerization readily, forming 
colloidal or semi-colloidal substances, and crystallizes with such salts as 
phosphates, arsenates, iodates, and oxalates. In aqueous solution telluric 
acid is reduced by such reagents as sulfur dioxide, hydrazine hydrate, 
hydroxylamine, hydrogen sulfide, and hypophosphorous acid. 

When the hydrated telluric acid is heated to 160° water is expelled and 
a white powder known as allo-telluric acid ^ is formed. It is difficultly 
soluble in cold water, but it dissolves readily in hot water, and from the 
solution the hydrated acid crystallizes. The allo-acid is a much stronger 
acid than the hydrated acid. The formula (H 2 Te 04 )x h.m been suggested 
for allo-telluric acid, which indicates that it bears to telluric acid the same 
relationship which meta-phosphoric acid bears to its ortho-acid. 

The teUurates may be prepared by fusion of tellurium or its dioxide with 

1 Meyer and Moldenhauer, Zeit. anorg. aXlgem. Chem. 119 132 (1921). 

^ Rosenheim and Gerhart, Jour. Chem. Soc. 114, II, 194 (1918). 

» MyHus, Ber. 34 2208 (1901); Gutbier, Z&it. anorg. Chem. 32, 96 (1902). 
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an alkali carbonate-nitrate mixture, Te 2 + K 2 CO 3 -|- 2 KNO 3 == 2 K 2 Te 04 
H" N 2 4- CO. The same results are obtained by passing chlorine into an 
alkaline tellurite, K 2 Te 03 + 2 KOH -f CI 2 = K 2 Te 04 + 2 KCH- H 2 O. 
The alkali tellurates are in general soluble in water, while the tellurates of 
the other metals are sparingly soluble in water but soluble in hydrochloric 
acid. On heating, a tellurate loses oxygen and forms a tellurite. 

Hydrogen forms the telluride, H 2 Te, by direct union of the elements ^ 
or by the action of acid on the tellurides of magnesium, zinc, or aluminium. 
It is a gas with an offensive odor, but its physiological action is much less 
marked than is that of hydrogen selenide. The hydride of tellurium is 
extremely unstable, being decomposed rapidly by temperatures above 0°, 
or by moist air. Unless it is thoroughly dry, H 2 Te is decomposed by sun¬ 
light or ultraviolet light; it is more stable in red light. It burns easily with 
a blue flame, yielding Te02 and water. It is soluble in water, and from the 
solution tellurium is precipitated by the absorption of oxygen from the air. 
The solution precipitates many metallic teUurides when it is added to the 
soluble salts of the metals. 

The tellurides may be prepared in many cases by heating tellurium with 
the metal whose telluride is desired. The reaction between molten alu¬ 
minium and tellurium is especially satisfactory, and aluminium telluride is 
recommended as a convenient method of producing hydrogen telluride.^ 
Molten magnesium reacts vigorously, even explosively, with tellurium. 
Potassium telluride, K 2 Te, is obtained in an impure form by melting to¬ 
gether tellurium and potassium cyanide. Sodium and tellurium unite 
directly to form Na 2 Te and complex compounds containing more tellurium,^ 
Fluorine forms the tetrafluoride, TeF 4 , by direct union of the elements or 
by the action of hydrofluoric acid upon Te02. The hexafluoride, TeFc, is 
formed by the action of fluorine upon tellurium at — 78°. It is completely 
decomposed by water. 

Chlorine combines directly with tellurium even in the cold, forming both 
TeCb and TeCL. The dichloride boils at 327° and so may be separated 
from the tetrachloride (B. P. 380°) by careful distillation. Water decom¬ 
poses TeCb, thus, 2 TeCb -f 3 H 2 O = Te -f H 2 Te 03 + 4 HCl. The 
tetrachloride is probably best formed by the action of sulfur monochloride 
on tellurium.^ It is extremely hygroscopic and is decomposed by cold 
water. Tellurium forms no oxychloride.*^ 

Bromine unites directly with tellurium, forming both TeBr 2 ® and TeBr 4 . 
Iodine and tellurium do not unite directly ^ even though they are melted 
together in all proportions, but TeL^is produced by thc^ action of HI upon 
tellurous acid, H 2 Te 03 + 4 HI = TcL 4- 3 H 2 O. Tellurium di-iodide has 

1 Moser and Ertl, ZeAL anorg. allgem. Chem. 118 269 (1921). 

2 Liddell, Chem. and Met. 26 268 (1921). 

® Kraus and Chiu, Jour. Am. Chem. Soc. 44 1999 (1922). 

^ Leri her, ibid. 24 188 (1902). 

Lonher, ibid. 31 243 (1909). 

« Bull Soc. Chim. 29 1063. 

Gutbier and Flury, Zeit. anorg. Chem. 32 108 (1902). 

»A. Damiens, Compt. rend. 172 1105 (1921). 
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been described, but it is probably a mixture of the elements or of tellu¬ 
rium and Tel 4.^ 

Sulfides of tellurium have been reported by various workers, several 
formulae being given for the precipitates formed when hydrogen sulfide 
is passed into a solution of an alkali tellurite or of telluric acid. These 
precipitates give up most of their sulfur to carbon disulfide, consequently 
it has been argued that the precipitates are mixtures of tellurium and sulfur. 
Snelling ^ claims to have isolated TeS, but Hageman ^ denies the existence 
of such a compound but claims that H2S precipitates TeS2 as a red-brown 
powder, which is stable only at temperatures below — 20°. 

Tellurium sulfoxidej TeSOa, may be made by direct union of tellurium 
and sulfur trioxide or by dissolving tellurium in strong sulfuric acid with 
gentle warming. It forms a red solution which on further heating yields a 
colorless solution, which is the basic sulfate. The sulfoxide forms a red 
^ amorphous solid, which on heating to 230 ® loses SO2 and leaves behind TeO. 

Organic acids like tartaric and citric dissolve tellurium oxide, forming 
acid salts, Te(HC4H406)4 and Te(HC6H907)2.^ Oxalic, lactic, malic, and 
gallic acids dissolve appreciable amounts of tellurium dioxide, but the 
tellurium salts of these acids have not been isolated. Succinic acid does not 
dissolve Te02, and the existence of tellurium oleate and stearate is doubtful. 

Detection, — Tellurium is precipitated by hydrogen sulfide along with 
selenium and the sulfides of the second group. At room temperature the 
precipitate consists of a mixture of tellurium with varying proportions of 
sulfur ; it resembles stannous sulfide in appearance. It is readily soluble 
in ammonium sulfide and from this solution it is reprecipitated by acids. 
Tellurium is readily separated from all elements whose compounds are not 
easily reduced by passing sulfur dioxide into a solution containing a small 
amount of hydrochloric acid. Probably the best method for the separation 
of selenium and tellurium comes from the fact that the former is precipitated 
by-802 and other reducing agents from strongly acid solutions, while the 
latter is reduced to the elementary state from faintly acid solutions only. 
^ The addition of KI to a tellurium solution containing a little free HCl gives 

at first a black precipitate of Tel4 which dissolves in excess of KI, forming 
K2Tel6, a deep red solution, from which SO2 precipitates tellurium readily. 
Under similar treatment a selenium compound is immediately reduced to 
red selenium on the addition of KI. 

Estimation.^ — Gravimetrically tellurium may be weighed either as the 
element or as the dioxide- For the former method, nitric acid must be 
removed by evaporation with hydrochloric acid; then the residue is taken 
up with dilute HCl, sulfur dioxide bubbled through the solution and tellu¬ 
rium collected and dried on a tared filter paper. For weighing as the oxide, 
the precipitated tellurium is dissolved in nitric acid containing a few drops 

1 Compt. rend. 171 1140 (1920). 

2 W. 0. Snelling, Jour. Am. Chem. Soc. 34 802 (1912). 

2 A. M. Hageman, ibid. 41, 329 (1919). 

4 A. M. Hageman, ibid. 41 342 (1919). 

® See the excellent summary of methods by Victor Lenher, Trans. Am. Inst, 
of Min. and Met. Eng., Feb., 1923; abstracted Min. and Met. 4 32 (1923). 
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of sulfuric acid, the solution is evaporated to dryness, and the residue 
ignited gently in a crucible. The basic acetate separation ^ precipitates Te02 
quantitatively in the presence of selenium, but it does not separate bismuth 
and copper completely. If a solution containing tellurium is strongly 
acidified with HCl, then heated to boiling and hydrazine hydrochloride 
and suKur dioxide added, tellurium is completely precipitated.^ 

Volumetrically tellurium may be determined by several methods: 
(1) Tellurous acid is oxidized to telluric by permanganate either in acid 
solution 2 or alkahne solution.*^ (2) Tellurous acid in hydrochloric acid 
solution is reduced by an excess of standard stannous chloride, according 
to the reaction: TeCL + 2 SnCL = Te + 2 SnCL. The excess stannous 
chloride is determined iodometrically.® (3) Telluric acid may be reduced 
to tellurous by the use of potassium bromide in sulfuric acid solution, thus: 
H 2 Te 04 + 2 HBr = H 2 Te 03 + H 2 O + Br 2 . The bromine is distilled into 
a solution of potassium iodide, the liberated iodine being determined by 
standard thiosulfate.® 

The electrolytic determination of tellurium has been suggested,"^ but it is 
only possible in the absence of selenium, and its success is doubtful. 

1 Browning and Flint, Am. Jour. Sci. 28 112 (1909). 

2 Lenher and Homberger, Jour. Am. Chem. Soc. 30 387 (1908). 

® Brauner, Monat fur Chemie 12 34 (1892). 

* Norris and Fay, Am. Chem. Jour. 20 278 (1898) ; Gooch and Peters, Am. 
Jour. Sci. 8 122 (1899). 

s Brauner, Zeit. anal. Chem. 30 707 (1891). 

® Gooch and Howland, Am, Jour. Sci. (Ill) 48 375; Zeit. anorg. Chem. 7 132 
(1894). 

E. Muller, Zeit. physik. Chem. 100 346 (1922). 
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GROUP VIII —THE PLATINUM METALS 

In Mendel^eff^s table, Group VIII was distinctive from the 
fact that in place of a single element in each series there were 
blanks in all series except the fourth, sixth, and tenth, and these 
spaces were occupied by triads, which showed some striking 
analogies. Not only do the members of each triad show closely 
related properties, but their atomic weights and atomic volumes 
are much closer together than is usual in successive elements. 
This similarity is not only true of physical properties, but it is 
so strikingly true of the chemical properties that the separations 
of members of each of these triads are among the more difldcult 
operations of analytical chemistry. 

In addition to the resemblance within the triads themselves, 
there is also a certain similarity between each element and the 
corresponding element in the other triads. Thus iron, ruthe¬ 
nium, and osmium have certain peculiar properties in common; 
cobalt, rhodium, and iridium are somewhat alike, and nickel, 
palladium, and platinum present similar peculiarities. The 
resemblances in these vertical triads are especially striking 
between the last two members, but it is perhaps to be expected 
that the first member of such a group would differ somewhat 
from the other members. 

The elements of Group VIII form a transition series between 
the members of the even series and those of the following odd 
series in much the same way that the members of the Zero Group 
do between the odd and the following even series. They show 
properties suggestive of manganese, chromium, molybdenum, 
and tungsten as well as copper, silver, and gold. 

The principal physical properties are shown in Table XL. It 
is to be observed that there are close resemblances within the 
triads, although there is considerable departure from the order 
of atomic weights. Among the notable facts are to be observed 
the high melting points and boiling points and the high density 

337 






338 


GROUP VIII —THE PLATINUM METALS 


of osmium, iridium, and platinum. Under certain conditions 
osmium has the highest density of any known substance. 


Table XL 

Physical Properties of the Platinum Metals 



Atomic 

Weight 

Mean 

Specific 

Heat 

0-100“ 

Mean 

Atomic 

Heat 

Melting 
Point i 
C“ 

Boiling 
Point 2 
C“ 

Density 

Coeffi¬ 
cient OF 
Expan¬ 
sion 

Iron . . 

55.84 

0.119 

6.64 

1505 

2450 

7.84 

O.O 4 I 2 

Cobalt. . 

58.97 

0.108 

6.37 

1489 

2415 

8.8 

0.O41208 

Nickel . . 

58.68 

0.109 

6.40 

1452 

2340 

CO 

op 

CO 

06 

O.O 4 I 248 

Ruthenium 

101.7 

0.0611 

6.21 

>1950 

2520 

12 . 

— 

Rhodium . 

102.9 

0.058 

5.97 

1940 

2500 

11-12 

0.O4058 

Palladium. 

106.7 

0.059 

6.30 

1542 

2540 

11.4-12 

0.O412 

Osmium . 

190.9 

0.0311 

5.94 

ca 2700 

— 

21.3-24 

— 

Iridium . 

193.1 

0.0323 

6.24 

2360 

2550 

22.4 

0.0407 

Platinum . 

195.2 

0.0323 

6.31 

1755 

ca 3900 

20.9-21.7 

0.O4I 


The metals of this group are all white and remain untarnished 
in dry air. Iron is unique in that it oxidizes readily in moist air, 
while the other metals either tarnish superficially or are entirely 
unchanged. These metals, especially in colloidal form or in the 
finely divided state, are the best catalysts known. They are such 
active catalysts that so small a quantity as 0.002 mg. of plati¬ 
num, 0.005 mg. of iridium, 0.0009 mg. of rhodium, or 0.0005 mg. 
of palladium may be detected on asbestos fiber by heating to 
redness in a flame and holding in a mixture of coal gas and air. 
The metallic particles become incandescent because of their 
activity in promoting the reaction between these two gases. 
Some of these metals also show the property of selective absorp¬ 
tion of gases to a remarkable degree. All these metals form 
organo-metallic compounds, a fact which contrasts them with 
the other members of the even series. There is also a marked 
tendency to form complex radicals, both basic and acidic, from 
which extended series of compounds are derived, the properties 

^ The melting points are those given in Recu&il de Comtantea Physiques (1913). 

^ The boiling points are to be considered as only approximately correct. 
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of which are entirely different from the properties of the corre¬ 
sponding metallic salts. 

A comparison of the compounds of iron, ruthenium, and 
osmium shows many points of resemblance. All three metals 
form dichlorides, MCI 2 , and trichlorides, MCI 3 . Complex chlo¬ 
rides are known, such as chlorruthenites, M 2 RUCI 5 ; chlorosmites, 
MaOsCle, and chlorosmates; iron is commonly said to form no 
such derivatives, but the double salts like FeCls • 2 KCl • H 2 O 
may be written K 2 FeCl 5 and regarded as chloroferrites. 
The only oxide common to the three metals is the sesquioxide, 
M 2 O 3 . The monoxide, MO, is common in iron, uncertain in 
ruthenium, and probable in osmium. Both ruthenium and 
osmium form dioxides, MO 2 , but iron dioxide is only known in 
the ferrites such as BaFeOs. Ruthenium and osmium are the 
only members of Group VIII which form oxides of the formula, 
MO 4 , although the Mendel^eff table would lead to the conclusion 
that this should be the common oxide. Both these oxides are 
volatile, and soluble in water, but neither forms hydroxides nor 
are they acidic in nature, although almost invariably the higher 
oxides of the metals show more or less striking acid properties. 
Ruthenium and osmium form ruthenocyanides, M 4 Ru(CN) 6 , 
and osmocyanides, M 40 s(CN) 6 , isomorphous and similar to 
the ferrocyanides, but neither forms a series analogous to the 
ferricyanides. 

A comparative study of cobalt, rhodium, and iridium reveals 
some interesting comparisons. Cobalt is almost wholly bivalent 
in its simple salts, the only stable trivalent derivatives being 
complex salts like the cobaltinitrites and -cyanides. On the 
other hand rhodium and iridium are generally trivalent. Ac¬ 
cordingly the stable simple chlorides are C 0 CI 2 , RhCU, and 
IrCla. From the last two are derived the double chlorides, chlor- 
rhodites, MaRhCle, and chloriridites, MsIrCle; cobalt forms 
double halides such as CoNaFs and CoLiCU. Iridium forms 
a tetrachloride, IrCU, from which are derived the chloriridates, 
M 2 lrCl 6 . Cobalt alone forms a monoxide, but all three metals 
form the sesquioxide, M2O3, and dioxide, MO2. The latter are 
slightly acidic in character, forming cobaltites, rhodites, and 
iridites respectively; these are analogous to the ferrites, ru- 
thenites, and osmites, and suggest at least a distant relationship 
to the chromites and manganites. Cobalt, rhodium, and iridium 
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strikiug Hiniilarity is alsc» fcairui in tli«* dtaihli* iiilrifoM, 
M'/JC)(N02)B,^I/aHh(X()g)«,ami MMr 

salts of th(‘ first two arc n*lativcly iuHrdiiblis hut the I’l-’t sftiiic- 
what more soluhha 

Nickc^l, paliadium, and platiauiii resemble thr* ele« 

ments, cof)aIt, rhodiimu ami iritiimm respectively, find there an* 
also siinilariti(*s to copper, silvca*, ami mdd. Xu’kel and pliiti«* 
num occlude hydrogen at ordinary lein|Ma*atiire, Inif fhi'^ pro|i«* 
erty is most prominent in jadladiiiim whieli ran ahsorb as iiiiieh 
as 850 voluim‘H of the gas. All three melals yiidd a dii*fi!iindt% 
and both palladium and platinum hirm double rliloridi^s, 
MVM(d 4 f while nickid may not. Pidladiiim ami iilaliiiiiiii itlso 
form trichlcmdes ^ and double Hails APg-Mrhi and .\rMC1r,; 
nickel profluef^s nrj parallel ermiiaaifids. All lliri't* iiietids 
monoxides, 'MCI, am! dioxhies, niektd ami |ilatiiii|iii have 

oxides, M:i 04 , and only ptatiniim has ii Hesi|iiifixi«l«n Hi** 
dioxides of nickel ami platinum «lisp!ay feeblr* :tei«l prufs^rfies. 
All three metids, when in the finely divided Hfiile, absorliCdb 
but nocfiirhonyl cciinpoiinds of pallailiurii or iiavi* lieeii 

isoliitral; they all hmn doiibli* eynnides like hXj |. Kit*kel 

and pnikdiiim are readily preeipitated I'ly diriief liylglyoxiiiit*; 
platinutn imadpitiiles lrieoniplef**ly and only on Isaliiig. 

The riire elements of i'lrotifi VIII nn* eolleetivady referred to 
as the ** Fliitiniim MetiikA’ Fiir lamveriiiuier they lire di%ddeil 
into the Light Fliitiniiiii Metals or fftitlieriliiiii tJroiip ntni fli«* 
Heiivy Platiniiiii Metiils or the tlsiiiiiiiii l"Sroii|i. Tlw* iiglit 
metals are chiiracterir^*d by the find fhiif. t!it*y roinlfiiie imire 
readily with oxygen thiin do the lieiivy itielitls. wiiiiiiiti iiidiig 
the only one of the kiter whieti liiiriis iii air. Fallufliiiiii is I fie 
only one which diitiolvea in {iot, 'H'XIL, regiti diMsiflvi^s 

osmium, forming CM>4, iind pktiriiiiii, giving FiHi; iI filtarks 
riitheriiiimslowly,whilidriditim i.ind rfitalitiin are rwl ii|tj*reeiiitily 
attacked. All the eom|Kmnd» of thiW' melitk tm* rt^diieeil, 
eonanciiitfitly the dmimtmy itiite m the eotiifiiuti form in 
nature. 

* A*?«firflliii to PiiC.ni -saiil ton pr#|f««iil. 
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While the members of the platinum group resemble one 
another in a very intimate manner, there are many points of 
dissimilarity to be observed. If the elements were to be ar¬ 
ranged in order showing the most gradual changes in chemical 
properties the order would probably be 

Os — Ru — Rh — Ir — Pt — Pd. 

In this arrangement each element resembles its neighbors, but 
between the extreme elements there is noticeable divergence. 
This order is diJBScult to harmonize with the other parts of the 
periodic table. 


The Platinum Metals 

History. — It is impossible to tell when mankind first began to use the 
platinum metals, for they attracted the attention of early races because of 
their simple metallurgy, bright and permanent color, and their high melting 
points. Berthelot describes ^ an alloy of platinum, gold, and iridium which 
was used in forming hieroglyphics at Thebes in the seventh century b.c. 
Pliny speaks of ‘‘aluta,” which is supposed to refer to platinum, a name 
which is derived from platina, a diminutive for the Spanish word plata, 
silver. About the middle of the sixteenth century, the Europeans were 
somewhat familiar with a metal from Mexico which they were unable to 
melt. In 1750 Brownrigg for the first time described the compact metal 
and termed it a semi-metalbecause of its peculiar properties. Many 
investigators studied this substance, each adding a few facts concerning its 
behavior. It appears to have been melted first about 1758; in 1772 it was 
hammered into foil and drawn into wire. The use of the oxy-hydrogen 
blowpipe in melting platinum was introduced during the first decade of the 
nineteenth century by Robert Hare of Philadelphia, the inventor of the 
blowpipe. In 1859 Debray and Deville first used a lime crucible and cover 
in fusing platinum. The early work was done almost entirely on South 
American platinum, which was difficult to obtain because the Spanish 
government forbade its exportation in order to prevent its use as an adul¬ 
terant for gold coins. All the early references ^ to platinum refer to a mix¬ 
ture of the metals of this group, usually with some gold, silver, and other 
metals. The first companion metal to platinum was discovered in 1803. 

The discovery of platinum in the Ural Mountains was made in 1819, 
but it was not until 1824 that its exportation was begun. These deposits 
developed rapidly and soon became the most important source of supply. 
In 1828 Russia began to use platinum coins, but the wide fluctuation in the 
value of platinum caused the discontinuance of platinum coinage in 1845. 

1 Compt. rend. 132 729 (1901). 

2 For a complete bibliography of the Platinum Metals from early time to the 
end of 1917 see BvM. 694, U. 8. Oeol Surv. There is, also, an excellent bibliog¬ 
raphy in Lm Mitaux Prieieux by Jean Voisin, EncyclopSdie de Chimie Indies- 
tridLe (1922). 
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About the year 1803, several chemists examined the residue which 
remains as a black powder when platinum ore is dissolved. This had 
always been considered as composed mainly of plumbago, but it was found 
to contain a new metal. In 1804 Tennant ^ announced the discovery of two 
new metals'from this residue. For one he suggested the name iridium, the 
rainbow element, “ from the striking variety of colors which it gives while 
dissolving in acid.’’ The other he named osmium, from the Greek word 
meaning odor, a name suggested by the sharp smell of the volatile oxide. 
Following this announcement by only a few days, Wollaston described ^ a 
method of separating still another element from the mother liquor after 
a solution of platinum salts had been precipitated by ammonium chloride. 
This new metal formed salts whose solutions even when dilute were rose- 
red in color, so he suggested the name rhodium, rose-colored. Wollaston 
also discovered the metal palladium while he was purifying a quantity of 
crude platinum. The actual discovery was made in 1803, but the announce¬ 
ment was first made anonymously in the form of an advertisement of a 
quantity of palladium or new silver ” for sale. The new metal ” was 
thought to be a fraud composed of an amalgam of platinum. Later Wollaston 
declared ^ that he was the discoverer, gave his method of reclaiming pal¬ 
ladium from platinum ore, and explained that the element had been named 
in honor of the planetoid Pallas, discovered in 1802. 

The last member of the platinum metals to be discovered was ruthe¬ 
nium. This element was announced by Osann in 1828, who claimed to have 
found three new metals in some crude platinum ore from the Ural Moun¬ 
tains. To one he gave the name ruthenium, from Ruthenia, a name for 
Russia. He soon became convinced that one of the metals did not exist 
and for some time the others were considered to be mixtures of the oxides 
of titanium, iron, zirconium, and silicon. In 1845 Claus examined similar 
ores and found ^ that they contained a new metal for which he retained the 
name of ruthenium. 

Occurrence. — The platinum metals are found native, almost 
always associated with each other, and generally with small 
amounts of gold, copper, silver, nickel, iron, and other metals. 
The grains are small, rarely in nuggets, and are found in alluvial 
deposits which result from the disintegration of basic igneous 
rocks. Only a very small part of the world^s supply is derived 
from any other source than alluvial deposits. Iridosmine is a 
natural alloy of iridium and osmium containing small amounts 
of the other metals. Alloys of gold with both palladium and 
rhodium are found occasionally. The platinum metals are 
found in small amounts in copper ores such as tetrahedrite and 

1 Phil. Tram. Roy. Soc. 94 411 (1804). 

2 Phil. Tram. Roy. Soc. 94 419 (1804). 

8 Phil. Tram. Roy. Soc. 94 428 (1804) and ibid. 95 316 (1805). 

* Annalen 56 257 (1845) and ibid. 69 234 (1846). 
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are reclaimed from this source from the electrolytic sludge. 
Platinum is also found in certain deposits of coal and its presence 
has been detected in a certain meteorite. 

A few compounds of the platinum metals are met, but always 
in rare minerals. Sperrylite is platinum arsenide, PtAs 2 , which 
is found in rare samples of the nickel-copper ores of Ontario and 
of copper ores at Rambler Mine, Laramie, Wyoming. Laurite 
is a rare ore composed mainly of ruthenium sulfide, RuS 2 . 

A few unusual nuggets have been discovered. The largest of 
these was found in 1843 in Russia and weighed 21.25 pounds. 
At war time prices this amount of pure platinum would be worth 
more than $36,000. A smaller nugget weighing 18| pounds 
was found in Russia in 1834. The nuggets from South America 
are smaller, one of 800 grams being reported.^ 

Deposits of platinum are found widely distributed over the 
entire world.^ Approximately 90 per cent of the total platinum 
produced has come from the alluvial deposits of Russia. Co¬ 
lumbia ranks second, Borneo third, United States fourth, and 
Canada fifth. It is difficult to obtain accurate figures regarding 
the actual production in Russia because the published output 
was sometimes as much as 60 per cent below the actual produc¬ 
tion. This was to avoid registration. The total world's pro¬ 
duction up to 1917 has been variously estimated from 5,000,000 
Troy ounces^ to 11,000,000 ounces.^ The price has gradually 
risen as the uses of these metals have increased. Table XLI 
shows the gradual rise during recent years. Owing to the scar¬ 
city of platinum during the war, and the urgent need for the 
metal, especially in munition work, the United States govern¬ 
ment set an arbitrary price of $105 per ounce. May, 1918. In 
June, 1923, prices in New York are quoted as follows: platinum 
$114.00 per ounce ; iridium $260.00“'$275.00; palladium $80.00. 

Refining.^ — All platinum ores have a high density varying 
from 14 to 19. Consequently the first steps in refining are 
usually made by a series of washings. Usually the ores are 
non-magnetic, but if the ore contains iron it may become highly 

1 George F. Kiinz, Pan-American Union Bulletin, Nov., 1917. 

2 See Platinum Map, p. 59, Monograph The Platinum Metals, by A. D. 
Lumb, British Imperial Institute (1920). 

» J. M. Hm, Eng. and Min. Jour. 103 1145 (1917). 

^ J. L. Howe, Chem. and Met. Eng. 19 607 (1918). 

^ H. F. Keller, Jour. Franklin Inst., Nov. (1912) ; Les MStaux Pricieux, 
Jean Voisin (1922). 
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Table XLI 


Prices of Platinum Metals in New York in Dollars per Troy Ounce 



Low 

Platinum i 

High. 

Iridium® 

Palladium® 

1910 

28.00 


39.25 



1911 

41.00 


45.00 



1912 


45.00 




1913 


46.00 




1914 

43.00 


48.00 

65.00 

44.00 

1915 

40.00 


50.00 

83.00 

56.00 

1916 

60.00 

— 

110.00 

94.00 

67.00 

1917 

90.00 


105.00 

150.00 

110.00 

1918 


108.00 


175.00 

135.00 

1919 

100.00 


150.00 

— 


1920 

85.00 


155.00 

— 


1921 

70.00 


80.00 



1922 

85.00 


87.50 

165.00 

55.00 


I 

y. 



! 


magnetic. Separation by this property is somewhat uncertain, 
consequently gravity separation is generally used. If gold 
is present it is concentrated with the platinum and may be 
separated by repeated treatment with mercury. The crude 
platinum ore which remains is usually shipped without further 
treatment to the refiners. 

Several methods are used in the refining of crude platinum 
ore, modifications being introduced to meet varying conditions, 
and usually the details of any process are closely guarded 
secrets. In general there are three steps used in the refining 
of the crude ore : (1) the removal of osmiridium, (2) the sepa¬ 
ration of platinum, and (3) the separation of the other metals 
which may be present. Two types of methods are used to 
accomplish these separations, known as the wet and dry 
methods. In the former the ore is digested under slightly in¬ 
creased pressure with aqua regia which contains an excess of 
hydrochloric acid. The undissolved residue consists mainly 
of osmiridium, sand, and graphite. The other metals are mainly 
brought into solution by this treatment. The solution is 
evaporated in the presence of excess HCl and the residue heated 

1 Platinum figures are from Min. Ind. 29, p, 547-548. 

* Iridium and palladium values are from Min. Resources, 1918, p. 205. 
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to loir to ll\0,i Hrifl fHillnclitirri io thp pallaciouH 

«*f ifidihoii. lip* rpHiiiiii* in p?ctra<*t.pcl with wat^T, and ilip plati^- 
liuifi 1 |iir r'ipp nn aiiitiwiiiiuni platiiiifhlciriila hy addiiip; a 
f* Mli|fi«,ii f*f aiiiiiiofatirn tddoridia Thin w 

ma.-lpd :i!i»! i^mff'd* iiliiai ^^iKaiiiy plaiiimtii in obtained. Thin 
i< fiiad*' iiao a an(! liainiriarml into bar form 

tif a liiiip fnritai’p by an oxy-hydrogon flami^ or in an 

ilrrffp* iiiiirioa {l-i‘j*ari*d in fhb way tin* platinum UHindly 
roiif-ofM pIkiii! 1^1*1 |if*r rmii iridiuiiu nii>Hi of ivliich rrmy bo ro- 
iiiMt, m| !a in aqua rogia and rofmating tho ammo- 

liPiio rlilof idf‘ |i|pri|»|t:itii>n. 

1 !p' di \ ititirri-H, NoiiifUiiiiPfi c%nllod fill* mot hod of Dovillo and 
I h III %\ / j ill |ii%atiriK tfii^ oriidf» plafiriiim oro wiili gidona 

up! III 'I lovorl^saiitory ftirnnco. Motiillio lc*ifcd in formod, 

»ii bp li «iivoi!vi^-^ forrtittig a fimibh* alloy. IridoBinino 

Oof foiiii nil iiliny %vitti load but mdljo^ io tlio bottom of tho 
fnn^ur^’ and n-iiiovofi 14io iiUoy m i*ii|w4r*d| mid ilM'* riwiduid 
piiiiiiniii itiay l«» |iiirilioi| by wiwliing in riit.rio iioid, dtHHolvirtg 
ill aipl prorifiiliilina by NH|C 1 m in tho wot motlw>fL 

Ilpfiiiuiii profianal in way oontiiiria iridtiitti find rhodium 
rout am otiirr iindnK Tlio dry inoilioil gi¥o« uriof*rtiiin 
jr4j||N iiiid ii»il ottoiifiivoly liwal. 

iiioi|nid« mr for tho riadniming of plntiriitm from 
ofliof itirOilliiryirii! |ir«a?oiw*#. In itio olootrnlytio rofiniiig of 
yMid fill fdatiiiiiiii itiidid^ iiromimcdinioM foitiiii in ibo Hlitiio» find 
'/mil* iffor^ itiov rofiiitin in tlw olooirnlytc*. Froiii thi* ulitiioB tho 
iin-leib tiiiiy b* mriiovoil by tho wot |iroi!r!«« iiiicl from the 
rimiroh'b‘ III |irrri|dliilioii with iiftnr roiiioviil of gold 

ft'itli Ttii* ri*tiiciviil of tiliiliiiiiiri front tint niokol- 

t>rr>i ill tifiliirifi m loiii iind diiioiilb In Itio Clfforcl 
pi^irr^ ifiP iiiiifto b fii«*d with mjdiiiiti nitlliito liiid oolco, tlifiii 
** fitmUnl with mli and Iftiioliitcl PIntiriiiiit in 
frrlaiiiii*i| fritiii ilio intxofl i*hloridi** 4 itilfali! Moltitiori by iiti iifi- 
jiii!i|i«*liPfi dliin tiiidliral fJ<w^ not rooo¥or niori.i tliiin a 

itiiall of flio finmoili itnitilk. 

A riiiioiinlirf pkiinitm liiiiiiiiiAlly rocovorod. from 

nt*tMp iiioiab fniiii olootwpkiittg wlitiioni, ttfid Irofti wi-wbi in 
tiir iiianiifiirtiirr nf Jowelry, in liifiitiatry, iiiid in iihotogriiptiy. 

f c#^rp# Cttllfl, |it 4#4> 
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Till* fiiiilu>ilH i*iri|4Myi*ti in tin* rncovrry of |)liitiiiwm from giirli 
mmri’vH nro vitriod * and imtunilly <lr*|w»iid on flic* wirt of iiiatorial 
mill I III* iiatlirr id th<* ac^rfinipunyinii: trioialH. 

11ir produii ion f4 f*hi’iiiit‘ally ptiro plafiiituti in a cliflicnilt 
lOi'-Ji, ivliii’fi iiivolvoH Iho oxcdii.’^ion ijf fho Iiiiho inf‘lali*i inicl tlio 
idiiiiiiiation of I ho othor inoinhorH of fho plafintim group. Tlio 
iiiotiimlH «*oiiiiiionIy oioplftvod for thin purpoHo an* wiiiilar to 
iivoii III I ho ^^!iItlaliinl of I ho inotul/' 

*f1ir ofhf*r iiiolaln of till* platinniH group an* olitainrd m hy- 
proiinrt-s in thr n-fiinng of plafiiiinii. Hn* liipior ohtainial from 
flu* filfratmii of anioioninin I'hlorfilat iriato may contain iridiiiiii, 
rlaidiiiiio palladium, and golil. lla* .nopanition of thoHo inofalH 
iiiav ho ai’*’oiiiplr'di«*iI m :Kov«*r:d wayn, thr iiii'thod ^Imwn in 
I'lihlr Xhll Iwuiig lv|h*’;t|y 

llio iiioialH ru!laminin, o'uiiiniio ma! iridium an* roiiv«*iii«mtly 
naa'ivrrofl from ili*' natns-al alloy ralh’d iridfoiiiiii*o,r oMnirifiiiim. 
lliiM ip liiiiiorah vo|-y iiard, wlio’li roiitainH inaiidy 

iridiiiiii nftt |«*r rmn and oruniniii ?'I7 -IK |M'r nm! i wjlli Miiall 
iiiiimii'ifjf of ndliiumiiio rhodium, and platiiiuin, In fin* ri'fiiiiiig 
Ilf flio flintiimiii it if«* iii«uallv Mivrii w*parat.r* fnaif iinuit, Mirh tm 
tlnit III "rnlilo Xldll. 

Proptrfiti. iinllwmuin inl■•olllpll^f form platiniiiii 

in roh-ir Im-trt, Imt i4Mm«u%-liaf harder and iiion* tiriftlm 
Mmi to tmmmm> ti thr iiifu.Hhh* iiiotal ^4 group. 

|| r«a4i|flr.fi ^im^n r«%'idilv.. ahHorhing hy*lrogfUi iidioii iiMal 
kitthmlr 111 tl'io rtrrirt*t%-mf^ of wntrr. In fiiirly tlivitird fonii I tin 
liiidiil iia#i ft dull griH-' I'olor mid n nitiilyi^l in 

iliidi rtattdlofw ii.» III*' o^idnlioti **f iilmfiol to aI4«4iVfl** mid lirt-iir 
miiL C jitlonlul mthrmum oluairn^d hy tli** arti«ifi of rraliiiang 
airfitu nil ii*jil*aniit #o|i|ltoii^- of rnllpumilti Ihilliriiitllii 

trmtlirn from tin* itiiitmii of miiiiioiwiiii 
KxpIt^’IVo rtitlirllllllli ptrpmtml hy diwoHilig tU 'Wii*'' iilhiv ifi 
lifflriMdilorir iiriii* If. m rupiwna* r%^$m ndnui |iri'|ii*rrd in tin* 
tif mr (mminm* rlif^liufti and iridiuinh 
ifXf'ilniimlliiii «if itiiP Ijidifiwir wm ilio foriiiatiori of nii iiiiHtahl** 

^ PtmitmiM $4*9^9*^ tO'" <1 I-. r|*w #»»*! * 

m4 Tk0‘ i*fwnmfM i»>‘ T 1C 

mftky Mmm4 Sm i *^*0 41 

^ Pf^9 *4li« «i«f, p i#i. 

^m^hm imi , , IWI 










Table XLII 

The Separation of the Platinum Metals 



tals: rhodium. 







(il«)(:i' vm Till-: !'i.ATIMM MirrALS 


T-UU.I. Xl.lll 

Tft nfm* hi n / !ri4i*:-^minr 

with '.v- xup’ tnniP'- nth 
Hiifi liiiif willi Hii-O-, thfii t’lHfh a*I«l Jiii4 

till’ VlillUlli\ 

f )iNlilliifi*: Cfiiil iiiiiH : iliquor: Ad«l ;ii|i| fi|tr-r mII 

ill* i fiiiSth; to 

i nlirii; riinilly fli«* 5<o|iif|i4|i mhl ^j'ihh 

in itiniinmiii wiit<^r,: rr^iii nint ilu'U n uf Humpiumru 

tlwii mid ll?H* f‘hlurid**. 

rifiitiif iiig 

whirl! ..n iifilfitlK ill I illrntr: A.i.l I.irfr.llir i«|,,r, 

ji rltiN'd rriirihli* juij. j<r< 1 i].|i ;i»iiig rli««hiiii» nitil 

pv«*H iMiiiiinL tntmmmphh*r- \ rnflniimin m n lifn* 

iridiiti^ with ^ tvhn'h in>r*\ with l\U|| iMpf 
f^mw* flint}- ; i{Xtt|,fiiid till* iiirit isttrnrtril 

Hill. j wifli wiiirr. 

i ■■ ■ ■ . 

Inf-iiihtlilp . SiIiiIiIp l*«irt|ii||: 

; IlMli : I'lilltlllllN |*fi* 

rhti» ■ riitli**- 

diiiiiw ti III r ; 11 d d 

firiviii- 
iiiiiiiii rntlir*- 
idiiiii 

whirli nil liiii* 
tifiii rirhfp 
rntlwiiiiiiii. 


iil!iitri»|iir rriiiflifiriilifiii, whiidi rrvrrf# In n wilti tlii* 

!il.}«»rfiliciri tif ttiiirli limf, 

Itlilliiiliiiliii firrliidf*« %%dn^ii tln^ fipdiil m iindtrd ill itii* 

air iiiid iif. I In* Miiriii* tiiin* il m nivpml mdtii ii ftiiii liltii trf tin* 
iiicifir* WliHi liPiitril III it fiiriti# tin* i»^ii|n flii* 
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riifnifi*. flit* KslluC).! b(*irig forrruHl. Tho metal may 

hf* briiiii 4 }it iiitfi Htilmifiii by fiiHien with Hoditun peroxide, 
iiiifly dividrci meiul in <jiatc* n‘adily Holiible in alkali hypo- 

hiitH-luim aiiiminiinn in appearance^; it in diictrile ami 

liirilirabir a! ri*d beat ; m leMH fn.sible than platinum, but the 
iiiolteii iiiiUal .MpitH <ai eftnltnii^. When idloyeal with platinum 
it n^diieeH the ilily ef the lait{n\ Mcdtcm rhoelium dinnolves 
rtill,Hiil*i"ab!iM*arbiiii, but on t»ooling, the* carbon appearn a^ain m 
Finely divsdei! rhodium in formeal by reduction of iiH 
ill liydrtiKeri; if abHortm hydrogtm only Hlightly but ctata- 
ly^cH tli«* iiniori of liydro^fm and oxygem. lihodium may he 
firepiireii in both eolloi«la! and i*xplomve fornm like ruthenium, 
exee|it that e%|ilo?iivo rtiodiuiii miiat Im» prepanal in the presence 
of air. Idle spongy liiofal diH*,H not ahaorb ^aa. lihodium black 
i^f4 jirepiirf*il tiy refltietiiin of rhodium naltB in alkalim» Bolution 
with iileolioi or aiiiiimniinii formate* Thc» prmimm of Hulfur 
eoiiipoiiiiilB to Iw imeeBBary, It m a powe^rful catalynt, 

oxidt/iiti?: formie acid at ordinary tem|K*raturf*H. It forniH a 
fiiBililt* atnl i‘Xirefiioly midh^able alloy with nilver; it idloyH 
remlily with ro|i|i*:»r, tin, lead, /due, and platinum* 

Wlieii lieiited in the air rhodium tiirriiBheH vmy nlightly, but 
it m flit* ititiffl readily altiteked <»f all the platinum mtrtalB by 
eliloririt* iiiiil the action on finely diviclctd medial bc^gin- 

iiiiig lit 2IMf. Ttie pure metiil m iuMohibh^ in iicidB and acpia 
rf*i|.iii, liiii. wiiiui iilliiyial with mtmll arrioiintB of other metalH, 
e^ficfaiiily ropjM^r* l«wl or ^iiic, it in much more eimily Holutile* 
III file prr^fUire of oxygen, hydrochloric acid under prciBHurci 
file ifiidiil at a terrifa^ratiire of IfiCf. Fimial potii8«ium 
aciti niilfiite iiimihm rliociiiifii, fonning a double iiilfiite, and 
nitrate yiehN the «?i«|iiioxidc* 

Pnihiiimm, in n melal, aornewhat tiiirdf»r than platiniiiii, 
wiiricwfiiit- hm ductility and iiMtllealnlity* Whcin 
heiitrri it at timtjmmUmm hdtm itn melting pfilrit,-coii- 

^■*i|iieiit!y it limy Im wchliid remlily. IM melting point, atajiit 
I m tlir lowi»ii of tlir? pliiiiniinn iiiefciite, but it vftpori^. 1 * 
tadow till* melting fatiiit, prmhidng grant vapora. Ite tmilirtg 
fniiiit m aftproiiiiiitlidy 

ffofleMM imllmlmm ii prepiimd by rediietioii of tlici chloride! 
with iicfolidfs or iiyilriiiiite hydrate in ilm pmmum of a probtc- 
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hydrogrn rraililv, (iiM , ,r , ' 
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»l«nrhin« hUnita^ri !±!: 1^’“ “' *** "* J-- r 

whow‘ d»i.tn,V„l JirtiMiv I* u *. »**"*"*** ■•'^1 vJriM-, 

black ribnrlw 

aiowly at tmliirnty tmm rnturt: **>» 

when heatml tu i **** •* lapMlIy *-%}#, 4 |..,f 

* i**-a nittiittit'/ii;; *• ***‘» ■*»»•»>* 



Tiff*: I^LATfXnM METALH 


351 


Fiilliniiiiiii in III#! in dry nr rnoint air or in 07a>ne at 

iinliiiary triii|»fa*atiin‘H. At thill rialnrHH it unit4‘H with oxygon, 
giviiiK Wiiiii tho niolton iia^lul Koli(lific»H, it npitB 

lilio Atl f:ff t!ii» halogonn atl-ack palladiinn at ol(wat(*d 

lliraigh iiHiim* vapca* roaot-H only incxariplotc^ly 
Willi t!ii.‘ fiiiidy tlivifird ntolal. Sulfur and arnonic unitf* dir(*ctly 
with I hi* iiif'tal at fdovatial tiunponilurcss, riy<lrorhloric iioid 
di^^^oh'oH tlif* rfiriipart niofid nlowly, tnii acpia rogia in a good 
Milvoiif. <nitric* arid iiltaokH tlio inotal, while 
diliilf* iiitrir arid will diHBolvo caTtain alloy.H hut not the pure 
iiietiil. Siilfiirie. arid, hot and <*ortc‘c*rif.ra'i{‘d, formn PdH()4, 
wliirli in nhn foriiic^d hy fiiBion with KlISO|. I'^alladimn in 
Biifiirieiitly iirtivf* to dinplare nuwity from the c^yanide. 

(himium ill rryBtnllini* form, ohtaincal hy tr(»aiing iin /due alloy 
wifli liC'h IiiiB a lihiiBl'i tint, in hrittle, hard (‘Hough to Hcrateh 
and liai^ thi* Inghi’Ht density of any known Hulintanee, Itn 
iiioltirig point in thr Iiigl'if‘i 4 t. of the* rnemlH^rH of tl'UH group, and it 
Bhavly, CVdloidal oHiiniini Ls prc’pared hy redueing 
indnrnmm oi^iiiate, and in (‘Ihadive in eatalyzing the 

liydrogruialiftn of uiwaturated ecinipouridH and in the* oxidation 
of rarlton iiiniioxidr. If in the nirmt edhadive of all the eolkiidal 
iiif‘tii!B of ifiiH group in ealaly/dtig the diHtompoHition of hydro¬ 
gen I'na'iixidt*. The moBt niarktnl eatalyiie (»fT<‘cd. of thc‘ medal 
w ill tlif‘ finely dividf‘d form, in whieh eondition it eaunes the 
iiiiinti of liyilrogeii and oxygen to Inmmm explosive at tem- 
|»*rrifiires ns kiw m 4 Cf or Tiff C *. It is one of ihc! most effective 
eiifjilysfs ill tile Ilals^r prcaam* 

Ctsaiiiiiri if4 tfii* only mid^al of this group whieh uniters readily 
iidtfi oxygein Tfie firiidy dividecl metal reaeda with oxygem 
rif iiir III ririllfiiiry t4fiiifM»riittire», this rc*acdion probaldy iKurig 
rafalv^t'd hy the {ireseriee of alw^irliial hydrogc!rL It i« also 
mi4rml by sfeaiin The prodiiei of oxidation, (.M') 4 , has a 
fli?^ii|irrf^iil4e mior, froiii whieh the element reecdved it« naiiiin 
Tlie»* viijKirs lire fmimnmm iind produce t4UiifKirary lilindncfHs.* 
Koiie of file liiilogeiwiiitnek the midal at orcliriitry t4ariperatiir(*8, 
hill hotli tiiioriiie anil elilorim* iiiiite with it when fienteci The 
niriorpfioiis iiiid.iil ilissolves readily in fiiniitig nitric acid and less 
readily in it(|iiii rifgiii; imidado not attack the crystalline form, 

^ Zm rnfkifmhtm. tf m CtlllX). 

* lAwilk* will latUrtty. Ann, Chim, if IfHB 
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but the metal is easily brought into solution by fusion with a 
mixture of sodium peroxide and nitrate or of the corresponding 
barium salts. Finely divided osmium is soluble in alkali 
hypochlorite solutions, thus illustrating its acidic tendency. 

Iridium, The fused metal is white, with a bluish luster, 
resembling polished steel in appearance. As usually obtained 
it is hard, brittle, and almost entirely lacking in ductility. It is 
now believed that its hardness and brittleness are due to im¬ 
purities and that the pure metal is quite malleable. It has been 
both melted and vaporized ^ in the electric furnace. The molten 
metal absorbs carbon, which reappears as graphite when the 
metal solidifies. -Iridium foil may be made to absorb consider¬ 
able hydrogen, when it actively catalyzes the union of hydrogen 
and oxygen. Explosive iridium is made by preparing a zinc 
alloy of the metal and then removing the zinc with hydrochloric 
acid. The finely divided metal which remains is explosive, if 
the process has been carried out in the air. Colloidal iridium 
is made by reducing a solution of the chloride with various 
reducing agents in the presence of a protective colloid. The 
color varies from red to black, depending on the method of 
preparation. As a catalyst it is less active than platinum, but 
it aids in the decomposition of hydrogen peroxide, best in the 
presence of dilute acids ; it also causes the union of carbon mon¬ 
oxide and oxygen at ordinary temperatures. Iridium black is 
conveniently prepared by dissolving the sesquioxide in an alka¬ 
line solution and then adding alcohol and boiling. The fine 
black precipitate obtained in this way is a mixture of the metal 
and its oxides. It is an active catalyst. 

In the finely divided state, iridium shows some chemical 
activity. At a red heat it begins to unite slowly with the oxygen 
of the air, with sulfur vapor, or phosphorus. The phosphide,^ 
Ir 2 P, is decomposed at higher temperatures and the sulfide, 
Ir 2 S, may likewise be prepared by passing hydrogen sulfide over 
ammonium chloriridate. If hydrogen selenide is used, Ir 2 Se is 
formed. The compact metal is much less active, but at 1100° 
a superficial oxidation begins, forming a purple layer. Fluorine 
in the nascent state and at dull red temperatures forms a fluor¬ 
ide, and chlorine attacks the hot metal, especially in the presence 

^ Moissan, Oompt. rmd, 142 189 (1906). 

2 Clark and Joslin, Am, Chem, Jour, 5 231 (1883), 
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fif vhhm*h\ ffiriniriK n Holtihlf* dmihln salt. All nimplo 

iirii|.;H rilifi rvi^i ari* williout act i(H'i (»n i-hc* nu*t 4 il <'*xc(^pfc 

ill fiip'ly *livi4*‘d ntati* or irt .'tiloyn, in whic'h nonditi(jn a 
|fMiii;il .Hfiliitiuii nifiy taki» platM*. k'uHnd jiIkaIic*H in iho 
i»! nlkaiifii' nitraf<‘H form Hohihlt* uml innoluhlc* iridainn, 
anti p*<fta^>n!fato fornn tlio irisoluhln oxidrn 

in II W'liifi’ iiiofak iiilnrinodialc in color iK^.wccri nilvor 
fiipl till. If t*r tfiaij inoMt of the o(h(*r iru’ialn of tluH i^ronp 
and ill Itolli iiialli''diility and dnriilily it app^mchcH nilvor and 
UJ'M. *-l*'rtriral oondiictivitv m low, and its cocflicnmi of 
i.H t}if* lowr.Ht of Jill inotalH. ’‘rtu* luirdiK^HH m inerctiiHcd 
fiv till- :iddi*iriii of iridiiiiii, litil fin* tluciility m at the Hama time 
fi«‘rrr,:i.f‘*od. lianlrir'K^ of tlio nndal in incoaiHCHl alno l)y 

workiii|i and diaToanod by keeping for a time at a 
briglit r**4 lljr %a»laliltiy of plalirmm at tcanporaturca 

b«'!oir if H Iiirliiiig jjoitil Urn been eareftilly Ktuclied. It hiiH Immi 
idiowri tlnit if in iiinfdi iimre %ailalj|e in ilie pn^Hmicf^ of oxygon 
tliari If III bydfogeii, nitrogen, ora vaeiimm In oxygem the 
va|toii^i;aiioii ** at ri feiiiix^rainre an low an 5{Kf (k, when 

It m flial nil eiiilotfierinie oxide, PtOg, in fortnecl which 

fli,HHoriiife,M III lower teiii|x*rittiir*^H. dla* lorn of fdatinum by 
vtiliiiiln^iiiiofi at Umtin^rniimm alaive fMMP imrreaaed by the 
}ire.wo'iri» Ilf iridiriiii but deereitmal liy rfiodiniri/^ Heated plati- 
riiiiri foil i-mmitn Itydrogrn l.o difliim* fait not irtc^ihatie, nitrogerii 
tixygeti, lii-liiitii, or iirgoin llie eoftt|iii<!i metal aliBortw noma 
liyilrogeii, but $1 m all giviat tip on ecadirig. 

fidadrd phtiitmm k itri tieltve eatnly^t, and may be cori- 
vrnielli ly |ire|iiirri'l on mhmim filler by clipping ihc! in a 
of rtibirjiliifiitie iieiil iiral igniliiig. Platiriirafd riic^kel 
iiiiide by f^liakiiig file |Miwilerefl metal with a aolttiiori of chlor- 
phiiiiiir iiriii 11ie rutiilytli? itetivily of platiiiiirti i« not affected 
by iiiektd, Init it m or ertli,n»Iy cli*iitrfiyed by eortain 

Ollier fli«diif»». 

(\Mm4ml lihiimnm m prepiiretl by reduction of the cliloride in 
t lir fireNOiee of ii jifnt4a!iive ecilliiid or by pnwifig a apiirk I'Mitwccm 
filiiliiiiiiii elrrlrmii^ ill Im Wttler* It mtiilyiiw ttici decaiitifMMb 
I loll of tiyilrogrfi fa'^roxide in laiih iieid fiiiil ftllnliiie aoliitioti; 
til#'* iifiifiij of oxygen with Imtli mrtoti mimmuh mid with 

^ i*M. Mim m m mm> 

^ Will All#* tiwmm m/ Bmmlards, Pmtmr Mo. 214 ClfllS). 
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hydmgi*n; tli#* hy<lrNg**ii:iU-Mii nf nmnUtridMil i,j|u; 

mluiiiari <4 iimity org^ini*' 

IHaiinnm in |irii*lMri*ti !iv tli*’ rr-ii-yi-i liin .4 --mIih i.in^ ivif|| 

rf*fliieiiig an *tr liV'*ir;:iZ4iir 

hy«lriili% 111 ! in tin* »4 rjn ‘4k:sla. sjii-r-i-. ni |^|l■•■fJ|||||. 

aliimiiiiiioi iin* .i%N|«‘ri;i!Iy f«-rvirr;4*l*- f^*} i|iih |iih ft*r| 
pun* Iiin4y «Iivi*li^il prrripii:iU^ ih til4;uii*'4, ft nti-'Mih, itti|}| 
liy«lrfigi‘ii nti^I «»^yii«'ri, an*! in ili:it |iliifi. 

nam hydroxuh* in ft i- riii:ih-^i, r‘ff«'T*firig 

iKifli ciKidiitntid {t liy4r*'ig*-fi 

ftfid f, l<iit iimi ry*! f}|*. lifiifm 1,4 

airbon iiaiiioiiiil*'* and in tli*- ptr-u^nci^ $.4 it f*.* 

riitririirid to fwa «4 |te'rrj||or.;ifp 

to till* rliloridf*. awl pntaiKtmim to tip- 4odi4**4 llafintiin 

blw’k will absorb l.ifl vnhunri* ^4 luit niv,--?* j| 

Ufi riipiflly lit 231'''. 

Phiinum uptmijr it m4t juiroii^ hli%u-^ ^rar m rolor , it 

in firnpiinai l»y boiiting iiiriiw*riiiiiii rliIoi-|4atiii,':iirv. ft iibwifbji 
hyi.lr«,igr*ii ri’iidilv* awl if d w i«i tbr mr tdii»r taliiiig iiji 

hydmgori it iiid« tiii^ iiiii«*ri *4 Irrdniurri mpl nisvgpii #ii tniir'li 

lliiif, it glow, Ibii4#“jrri|p»f ij.i«* »,| ifipi prti|*»-rfy 

for iho |iri.»}wiriifioiif4 11 wdCdigliimg g;i,« Imoii, llaiiiiiiin 

alao niimn ?4 liyrlrogr-n juid ijp" 

Expkmm^ phti^num pr«i*iii«-d fp.- diw4%'iiig |4fiiifitiiii m jin 
of ii'irillrri i5mi% r«’moviiig tli*'- ■miti nrpi, 
fcirni of llio fmdut mmi pt*'fmt*-4 m <!ir-= rif mvm*th 

llUi ihn Ilf*|i|r*" »4 t||p tlliill m 

tllf* of till* *lt!lrr ll|ri;i|it. i 4 gfol|||. 

Fliillriniii miiiiiiw miirntmiml wiir-ii m ifip mi-, umi 

ill lllin t%*^W%4 it- %m ofw of llir |<»*rii»:iip-lit t4 I fir* liirtiil?*, 

Wlii*ti phlmnmt b»d i# li.r'ai«^d m flr> o%t'grn ilirfi- 1 % 

fcifiiiptl It lliifi Inypf of II bliP'k o%id«% wlurli drrffiiijit^w^d 

ii liiglirr foiiij-ii*r»tiiW'#. tiiP inobni mriiif i^ipib'd 

imfiitliy it ** m ttif^ iiiiiiitwf rlisirmrirfi^iir <4 itih’i-f/ 11 ip 

fMmpmi mi4mi ii liy fliinrifii^ ulmvr' !mf arpl ht riifi#* 

rini^ III, ttkilll Hflf, 1%^ ptin^ tlp4a| tn md fillurkrd ItV r|f|i»'f 

liyrlr«4lfirii? itr riitrw «ri«i idmm. fail vi^nt ^ 

I jmf Mmt. m m mt ($wm 

l#lli tl*«l wig'll III %|| <■ 
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etlso a mixture of hydrochloric and chloric acids. Dilute 
ic acid does not attack platinum, but the hot concen- 
l acid attacks it slowly, forming such compounds as 
3) • (HS 04 ) 2 . Fused alkali carbonates have little effect 
platinum, fused nitrates and acid sulfates are more 
while the fused hydroxides and peroxides attack it 
Sulfur does not attack platinum, but some of the 
lie sulfides do. Phosphorus reacts easily with platinum, 
ng a series of fusible compounds such as PtP 2 , PtP, Pt 2 P, 
^tsPs-^ Hence phosphates or phosphides should never be 
d. in platinum under reducing conditions. Arsenic and 
a also combine readily with platinum. 

3S. — Ruthenium has no commercial uses at present. Its 
eness and ease of oxidation are decided disadvantages in 
-e as a metal. 

odium is used to a moderate degree as an alloy of platinum. 
OQOst important effect of a small per cent of rhodium is 
crease the volatility of the platinum. Consequently, an 
containing 10 per cent rhodium is sometimes used for 
ag laboratory dishes, and it is the most successful material 
se as the positive element of the precious metal thermo- 
.e. Rhodium is also used in alloys with platinum for 
ry. 

lladium is used widely as a catalyst and in gas analysis ; its 
3 with gold are used as platinum substitutes, not only in 
nanufacture of various types of scientific equipment but 
in dentistry, jewelry, and for plated ware. 
mium was the first metal which was found to be commer- 
^ successful in an incandescent electric bulb. Such fila- 
-s were expensive not only because of the scarcity of the 
1, but also because of the difficulty of extraction and danger 
its poisonous fumes. Such filaments were quickly replaced 
sHers which were more efficient and less expensive. In the 
r divided forms it is active as a catalyst, and would be used 
isively in such reactions as the Haber process if it could be 
Lned in sufficient quantities at a reasonable price. Its use 
e form of osmic acid as a stain for fatty tissues is well 
Osmium finds some use as an alloy in platinum jewelry, 
tis presence is generally considered to be undesirable. 

1 Clark and Joslin, Am. Chem. Jour. 5 231 (1883). 
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Iridhun lif lli* Hm*i 1 as a fiuiv ju*’! :i! »in ui . 4 jf.. | ,j it 

1H*HS aiicl IIm* fai'l tlial il is I*’-'- ihna |4a?i|jui}i. [i 

tJii* inosl roiiiniHii all<<y in filaf iiiuin, 11 Imi f iij? 

ability an* bni’ransi**! aial v :?j lums-r s, 

in iii(*rt‘5iN«ai l»y tli*‘ mI iialniiH, I »a-1!yl-Uiaiiii 

wan* altfiasl invariable' a? 'J ti ia inuraui, 

but nuHlrrii evari* Usually i’mii! aiii-.' b'--. th-.n 2 n-ux , ;f flj,, 
allny (lor*H not runtniu iiiun* iban In iw-r it 
Plalilium (*brlri«'al ia|Ui|j|iniit saae fi'sui |ii fi, yn 

|H'*r ca*rif iriilitiiii. rn'riauif .of tla'ir is ,• i** rrrfi-r.v.jsitn 

|)Iatiiiuiii«iri<iiiini albyH a}*-* liutblv |*i3/»"4 m liauit < livniiriil 
ilfriiHiLs and f^taiidard ^4 U.-' !**%• |fir'|r-|i|. 

<if «*X|)HllJ^ioli Wi*!l a.H its |H*ni4'M0'0.r'»-' mJa.{L-o' :ilbtr i.s 
far iintkinic, j^tatalnrii uiiiif^ of IoihuIi, Saiyyaod lusfloilursii^^ 
jvwviry, rcjiilart aii*l lla^- |wan!^.^ of bvigiu.-.ai* |*< a-* 

«un* iridinrii ulloy?^. It.n n.***'<l ii# ifaiiiiiiig 

imil liH in I liming r;i|»!iy. 

l^laiiu-um IH widely ^ fr»r rriidutiit otirfj|ir-;d m 

mriiiijH Nviiuitilr m obi-ifir ;il •.«|:*|4i.anr.rs-.«, 

ji»Wi*lry, litifi ni^auitaiy^i in a tarai > *.i' u.jdf.ii.Uri»^t Iliitiiril 

lilt* naa’llt %Vur flit* llUf-tort af|«"r c»f |s|:|tllruili (i*- a 1 i*c r:ii. 

vr»ry vita!, i*K:|'iiabii.lly iin tip* roiitjoi 

in f III* n!xi«lnt i«iii uf !vdis to IfXtb. lirii nputi ,sir' m 

flllnfci|C:nij»fiy for tfl** filsiiinrtiMli .&I 0 I 

1)1111111; tf'iv ilmilili* l♦nrlultl. fiiiitiiruin rviitndr i.- iHy ir'ofiij 

ill X-niy |iiii»f«ig.raj»liy m u bit tin- |»foj. j* inij* 

Fliilitiiiifi m tiy fur ifio npmt thm 

Ulirii lllllfifllllfl i^- II ll.’lJilP- H}l|jlpoj llir^ III* |.;,i %||||*|| ||,^,r, 
linrdiiiril by iillnyiii« %Vitii oilir^r i|*tiiidty ifolinin ut 

lirilliidiiiin, Ifiaauifly iimvr Wn ^ m «4 ifir 

I4tafi'fi !*i'|rrifyiii^ l}i:il Irnrd fi}alii|i|iii *,f|r-tr4 U*t *ii inann* 

fiifiiin* ifiiif*^! riif»tiiiii I'Mirl^ |.is'-f tfipi|«»ti*| |i|'%i}nnin. aiiii iiia**' 
h* ulhyrti Iifily wiili tfir cftlnu *4 if*.- |»l4fiti»iiii ^fijif# 

Ifarii fibitiiiiiiii m iiii|r}i in |i-»*4rr mn4 4rtifi^frv 
0>!iip«iiii«li. IliP f«*riiird by tli« mm-uh^4 |1|#? 

Fiiitiiitiiii I irusui 

phHumn m by bir mmmt imtahm fiiomlrf 
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f|iif'rit!y\ till' rf.»iit|wiuiulH arc cliHtnLSHCHl nornowhat fully 

aii*i til** of fia* other arc* 

ill fabiilar fttriu, 

11:if fenuH t Wf) ccf the plaiinoun, iu which tlie 
lipial in hivalf^ii!, and the* platiiiicy wliicdi arc* cjuaxlrivulcaii. 
Ilfjfh «if e*tiri|»nuii«iH ao* cleeoiu|Hmc»<l by h(‘at., and tia^ 

fiielal iH ra.Mily tli^plared frnin platinic^ Hcdutiorm by rnemt ot.hc*r 
iiietalHaiid iiiaiiy »»r^anie :HiibHtanc*f‘H, Idtcu'c* in a inarkc*d t(‘nd- 
r‘iii*y fttriii e*iiii|*!«'A- i‘'<*in|HairidH. 

ilifrrtlv pbuiieira Hpimge or thin bul, a pnrt of 
%%}ie-l 4 rr-arl.H t«'i lorio r ronipoiMid |M «olubl<* ia actciH, giving plati- 

;;opi by lii'af, vii'IcUng PtOa and thv rin.*ial. 

lUCi-'ilixO, in oblninotl l»y udtling n 
iiiltidi Os ;i ttijiriii ^filiiOoii iti plafinoiiH I'litiriile or j)otnHHiiaa ehlcu’- 
|ij:itiiiifr ft. *n'iriM?fni, Mini vvlirn fre^lily ittc*d it in cjnitc^ 

ri-;»4ily la nrab. After it ipne lH*eii drieti in nn ntnnm- 

liiifr*' rif *i!o.%ide it Iw'-etnneM nhmml itimiluble in madn i*xrept hytlrce 

rliiofli'. 

Iljitiiiutii hm not lioen preparefl tit f)ie anliydroim «tafe, bat 

II i»ro«n |ireri|iii.:ifr obtiiinc'd wheat hot Modiain earbcainte 

|« i'i«l4r4 |ilfif if*oa.*e riiloriihn 

llplifraiti dio^nir p obi m n inoiKibyelrateof the foriiitilii f *t()a« 1I?0 
in lip* « fpihiiion of fihiHiiain tetnic^hlorid** in boileci 

W'lili loi III III itiid Iheii iieiilridimi with iiC‘etie iteid; iht* prc*ei|i- 
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Chlorine forms PtCL, PtCL, and PtCL, and a large number of complex 
salts. 

Platinum dichloride or platinous chloride is obtained by heating platinum 
black in chlorine at 360 ° or by heating chlorplatinous acid, H2PtCl4, at 
100 °. It is insoluble in water, but soluble in HCl, forming tetrachlorplati- 
nous acid, HaPtCL. Salts of this acid are important and are quite stable. 
They are prepared by reduction of the corresponding chlorplatinates, best 
by potassium oxalate: MaPtCle -h K2C2O4 = MaPtCL + 2 KCl + 2 CO2. 
The chlorplatinites are generally soluble in water, yielding red solutions, 
but the silver, lead, mercury, and thallium salts are difficultly soluble. 

Platinum trichloride is prepared by heating PtCL in dry chlorine at 
390 °. It is readily soluble in boiling water, but may be hydrolyzed by 
continued boiling. The trichloride does not dissolve in concentrated HCl, 
but when the mixture is warmed a reaction takes place, producing both 
PtCL and PtCL. 

Platinum tetrachloride or platinic chloride, PtCL, may be prepared by 
heating chlorplatinic acid in a stream of HCl or chlorine. It has a reddish 
brown color, and on exposure to air it absorbs moisture, becoming bright 
yellow in color. It dissolves fairly well in warm water, the solution being 
strongly acidic, as is shown by the fact that it liberates carbon dioxide from 
the carbonates. The solution is reduced by iodine, thus: PtCL + I2 
= PtCL -f“ 2 ICl, a reaction used for the volumetric estimation of platinum. 

Hexachlorplatinic acid, H2PtCl6, is prepared by dissolving platinum in 
aqua regia or a mixture of chloric and concentrated hydrochloric acids; 
or by dissolving platinum sponge in hydrochloric acid in the presence of 
chlorine; or by dissolving platinum black in a mixture of concentrated 
HOI and H2O2; or by the anodic oxidation of platinum sponge or black. If 
the solution is evaporated crystals of H2PtCl6 • 0 H2O are obtained. The 
solution is a fairly strong acid, decomposing carbonates and neutralizing 
bases, forming chlorplatinates of the general formula M2PtCL. Of these 
the most important are (NH4)2PtCl6 and K-iPtCL. They resemble each 
other in appearance, both are difficultly soluble in water, and they are 
isomorphous. The former is important in the purification of platinum 
and in the preparation of platinum sponge; the latter is used in the quan¬ 
titative determination of both platinum and potassium. 

Bromine a>nd iodine form compounds PtX2, PtX4, and FLPtX®, analogous 
to the corresponding chlorine compounds. 

Sulfur combines with platinum sponge or the finely divided metal on 
ignition and forms PtS. The same product is also produced when hydrogen 
sulfide is passed into a solution of an alkali chlorplatinite. 

'Platinum dunlfide^ PtS2, is precipitated when hydrogen sulfide is passed 
into a hot solution of PtCL. It is a black powder which on exposure to the 
air forms an oxysulfide, PtOS • XH2O, but on heating strongly in the air 
the sulfur burns, leaving the iftetal. The disulfide difflolvw only sli^tly 
in both acids and alkali sulfides. 

Platinic sulfate, Pt(804)2, is formed by the slow solution of platinum 
sponge in concentrated sulfuric acid. Basic sulfates are also prepared by 
(hssolving hydra^d platmm dioxide in sulfuric acid. 
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Selenium combines directly with platinum, forming PtSe, a very brittle 
substance. By reduction of an alkali chlorplatinate in the presence of a 
selenite a compound of the formula PtSea is obtained. 

Tellurium combines with finely divided platinum, yielding PtTe2, which 
on heating yields both PtTe and Pt2Te. 

Phosphorus reacts readily with platinum, forming a fusible mass which 
probably contains a mixture of compounds such as PtP2, PtP, Pt2P, and 
PtaPs. 

Arsenic combines with platinum sponge at elevated temperatures, form¬ 
ing PtAs2, which is found in nature as the noineral sperrylite. 

Antimony powder when mixed with platinum sponge and heated gives 
PtSb2, PtSb, and Pt6Sb2. 

Silicon unites with platinum when the two elements are heated together, 
PtSi being formed at moderate temperatures and Pt2Si in the electric 
furnace. 

Carbonyl compounds are formed with platinous derivatives, as, for ex¬ 
ample, by passing carbon monoxide over platinous chloride at 250 °. Under 
these conditions there is obtained a mixture of PtCl • 2 CO, and 2 PtCL • 3 CO, 
which on further heating gives PtCL • CO. Other platinous compounds 
yield similar derivatives. Carbonyl compounds may also be prepared by 
passing an equimolecular mixture of carbon monoxide and chlorine over 
platinum sponge or foil at 240 °- 250 °. This reaction is sometimes used to 
detect the presence of small amounts of rhodium or certain base metals in 
platinum.! 

Cyanogen derivatives are numerous and capable of great complexity, 
Platinous cyanide Pt(CN)2, is obtained as a yellow precipitate when mer¬ 
curic cyanide is added to a solution of alkali chlorplatinite. Double 
cyanides of the general formula M'2Pt(CN)4 are formed by such reac¬ 
tions as 6 KCN + PtCL = K 2 Pt(CN )4 + 4 ECU- (CN)2. These platino- 
cyanides do not respond to the ordinary tests for platinum. These com¬ 
pounds yield beautifully colored hydrates, and the barium and calcium 
hydrates have optical isomeric modifications.* Certain of these hydrates 
become remarkably fluorescent under excitation from ultraviolet light or 
radium. 

Ammonia added to solutions of platinum salts produces a large series of 
complex derivatives, which are analogous to the compounds of chromium 
and cobalt, obtained in a similar manner. These salts do not give the 
ordinary reactions for platinum, but are capable of undergoing various de¬ 
compositions, thus furnishing a large number of derivatives. Many cases 
of isomerism occur among these compounds, which have been extensively 
studied by Werner.^ According to Ms system, the compounds are classified 
on the theory of principal and supplementary valence. The principal 
valence is that shown by an atom or radical which can exist as an ion, while 

1 Mylius and Foerster, B&r. 25 665 (1892). 

2 Levy, Trans. Chem. Soc. 89 126 (1906) ; 93 1446 (1908) ; 101 1081 (1912). 

^ A. Werner, Neuere Anschauungm auf dem Gehiete der Anorganischen Chemie, 

or the translation m English by Edgar P. Hadley, New Ideas on Inorganic 
Chemistry, 
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the supplementary valence is that displayed by radicals which cannot exist 
as ions. Thus an atom of platinum can hold four chlorine atoms by means 
of the principal valences, giving the molecule PtCL. But this molecule 
can combine with two molecules of hydrochloric acid by means of the 
secondary valences of platinum and chlorine, giving H 2 PtClc. 

Platinum forms two distinct series of these complex salts, in one of which 
platinum is bivalent and in the other quadrivalent. In the platirious series 
the metal holds four molecules or radicals coordinated with it to form the 
complex radical, which in turn may hold two external radicals. Thus when 
ammonia is added to platinous chloride and the precipitate so formed is 
boiled with ammonia, a compound is formed having the composition 
[(NH 3 ) 4 Pt] CI 2 . The ammonia groups may be partially or entirely 
replaced by acid groups such as Cl, NO 2 , SON, etc. Thus we have four 
classes of derivatives which correspond to the following general forniuhui, 
X being used to represent any univalent acid radical and R any uni¬ 
valent basic radical. 

1. [(NH 3 ) 4 Pt]X 2 , Tetrammine platinous compounds. 

2. [X(NH 3 ) 3 Pt]X, Triammine platinous compounds. 

3. [X2(NH3)2Pt], Diammine platinous compounds. 

4. [X 3 (NH 3 )Pt]R, Monammine platinous compounds. 

Platinic derivatives of a similar nature are formed by oxidizing the 
platinum in any of the platinous derivatives. With the metal in the quad¬ 
rivalent state, the complex is capable of holding six molecules or radicals 
while a maximum of four external acid radicals may attach to the complex 
as a whole. Thus we have the following series of platinic complexes:_ 

1. [(NH3)6Pt]X4, Hexammine platinic compounds. 

2. [X2(NH3)4Pt]X2, Tetrammine platinic compounds. 

3. [X3(NH3)3Pt]X, Triammine platinic compounds. 

4. [X4(NH3)2Pt], Diammine platinic compounds. 

5. [X6(NH3)Pt]R, Monammine platinic compounds. 

To make the group complete there should be a pentammine series but 
derivatives of this type are not known. ' 

In addition to these series of derivatives others are known in which the 
ammonia radical is replaced by substituted ammonias. A few derivatives 
wkch contain more than one atom of platinum have also been prepared 
S SatS"** possibilities in the study of the complex compounds 

The other platinum metals form compounds which are in gen¬ 
eral similar to those formed by platinum. Table XLIV gives 
m tebular form the principal compounds formed by the asso¬ 
ciated metals. In general their formation, characteristics 
and properties will be suggested by comparison with the corre¬ 
sponding platinum derivatives. The foUowing characteristics 
are worthy of note. 

is basic in the lower states of oxidation, while its higher oxides 

are cadic. ^tnoxide.EuO,, and heptoxide are known only in combinataon. 
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Table XLIV 

Typical Compounds^ of the Platinum Group Metals. 



Ru 

Rh 

Pd 

Os 

Ir 

Oxides . , . 


_ 

PdO 

OsO 



RugOg 

Rh203 

Pd203 - aiHaO 

O82O3 

Ir203 


RuOg 

RhOa 

PdOo • xmo 

0s02 

Ir02 


— 

RhOs 

— 

— 

IrOs 


RuOi 

— 

'- 

0s04 

— 

Salts -ite . . 

M'2Ru03 

— 

— 

J Oamyl 

1 M2OBO2X4 

— 

-ate . . 

M'2Ru04 

M'2Rh04 

— 

M2OSO4 

— 

Per -ate . - 

M'2Ru04 

- ■ 

— 

— 

— 

Chlorides . . . 

_ 

_ 

_ 

_ 

IrCl 


RuCl2 

RhCh 

PdCl2 

OsCl2 

IrCl2 


RuCle 

RhCla 

PdCla 

OsCls 

IrCl8 


RuCU 

_ 

— 

OsCU 

IrCU 

Chloro-salts -ite 

M'iRuCls 

M'aRhCla 

M'sRhCl# 

M'2PdCl4 

M'sOsCL 

M'sIrClfl 

-ate 

— 

— 

M'aPdClc 

M'20sCl6 

M'glrCla 

Sulfides . . . 

_ 

_ 

Pd28 

_ 

_ 


— 

RhS 

PdS 

— 

IrS(?) 


RU2S3 

Rh2Sa 

— 

— 

IrgSs 


RuS2 

— 

PdS2 

OsS2 

IrSa 


RuS» 

— 

— 

— 






OsS4 


Sulfites . . . 

— 

— 

— 

OsSOa 

— 


RU2(S03)8 

Rh2(803)3 

— 

— 

Ir2(S08)8 

Sulfates . . . 

_ 


PdS04 

_ 

— 


— 

Rhi(804)8 

— 

— 

Ir2(S04)8 


RuCSOda 

— 

— 

— 

— 

Nitrates . . . 

— 

Rh(N08)3 

Pd(N08)2 

— 

— 

Cyanides . . . 

_ 

Rh(CN)3 

Pd{CN)2 

08(CN)2 

Ir(CN)a 


K4Ru(CN)a 

K:8Rh(CN)e 

K2Pd(CN)4 

K40s(CN)e 

K3lr(CN)6 


The tetroxide, EuOi, is volatile with an odor resembling ozone, but it is 
not poisonous. It is soluble in alkalies, and the perruthenate so formed is 
useful in histology as a stain because of the ease with which it is reduced 
by organic substances, giving the finely divided metal. 

Rhodium is almost wholly basic in character, its salts being generally 
trivalent. The trichloride forms double salts with alkali chlorides which 
are called hexachlorrhodites, M'gRhOla, and pentachlorrhodites, M2RHCI5, 
^ respectively. These may be considered as double chlorides rather than as 
salts of the respective chloro-acids, since the existence of the latter is doubt¬ 
ful. The trichloride is insoluble in water and acids, but its hydrate is 
soluble. 

^ Compounds of doubtful existence and those known only in complexes are not 
induded in this table. 
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except in dilute water solution. Its potassium salt is obtained as unstable 
orange-yellow crystals when ammonia is added to a cold solution of 
0 s 04 in KOH, thus: 0 s 04 + KOH + NHs = OsNOsK -f- 2 H 2 O. The 
barium and silver salts are prepared in a similar manner. 

Iridium forms three series of simple salts in which the metal has valence 
of two, three, and four. The lower oxide, IrO, has been reported, but is 
doubtless unknown in the pure state.^ Salts of this state of valence are not 
numerous or well known. On ignition of iridious chloride, IrCL, in chlorine 
a monochloride is formed,^ but it is only stable between 773° and 798° C. 

In most of its compounds iridium is either trivalent or quadrivalent, the 
latter being called iridic. In both states of valence, the halogen compounds 
form double salts with the corresponding alkali halides, giving chloriridites 
and chloriridates respectively. These are to be considered as alkali salts 
of complex acids. 

In its trivalent form, iridium forms the sesquisulfate, Ir 2 ( 804 ) 3 , which 
like the corresponding salts of cobalt and rhodium forms a series of alums. 

Double cyanides are formed such as potassium iridiocyanide, K 4 lr"(CN) e, 
similar to ferrocyanide; and potassium iridicyanide, K 8 lr'''(CN "')6 to ferri- 
cyanide. The latter is more stable. 

Ammonia forms complex derivatives with all three classes of iridium 
compounds. When added to iridious chloride, IrCL, or to iridic chloride, 
IrCL, the complex salts formed are analogous to the series of platinous 
and platinic ammine derivatives. When ammonia is added to the tri¬ 
chloride, many complex derivatives are formed which are similar to rhodic, 
cobaltic, and chromic compounds. For example, when ammonia acts upon 
ammonium iridiochloride a compound is produced having the formula 
[Cl(NH 3 ) 5 lr]Cl 2 , and called chloro-pentammine-iridium dichloride. 

Detection. — The qualitative separation of the metals of the platinum 
group is a difficult task, for which many methods have been proposed. 
The method outlined in Table XLV is comparatively simple and gives good 
results. Confirmatory tests are suggested by Tables XLIII and XLIV. 
A few additional characteristic tests are suggested below. 

Ruthenium is best recognized by the delicate blue color produced when 
the solution of the trichloride is treated with H 2 S. This color is possibly 
caused by the formation of the dichloride. 

Alkali chlorides precipitate K 2 RUCI 6 , violet, from concentrated solutions. 
This double chloride is difficultly soluble in water, but is hydrolyzed in 
boiling water, giving black insoluble oxychloride. 

Ruthenium trichloride reduced with a small amount of zinc gives an 
azure blue color probably due to RuCL; an excess of zinc produces metallic 
ruthenium as a fine black powder. 

If a ruthenium solution is made alkaline with ammonia, a little sodium 
thiosulfate added and the mixture boiled for two or three minutes, a color 
develops varying from rose to red-purple. This test may be applied in the 
presence of iridium. 

I WShler and Witzmann, Zeit. anorg. Chem. 57 323 (1908). 

* W6hler and Strmchar, Ber. 46 1677 (1913). 
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Table XLVI — Reactions of Phiinum Group Metals in Compact Fonn. 



^ J. N, Friend, T^ctbook of Inorganic Chemistry, Vol. IV, p. 331. 
^ There is some indication that ruthenium is oxidized to IIUO 2 , 
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Palladium is the only one of the rare platinum metals which reacts with 
Hg(CN) 2 . The precipitate, Pd(CN) 2 , is white with a yellowish tint, 
gelatinous and readily soluble in both KCN and NH4OH. 

The solution of an iodide added to a palladous solution precipitates 
black PdU, rather slowly soluble in an excesa of alkali iodide. Rhodium 
may also precipitate if present in fairly large quantities. 

Dimethylglyoxime gives a pale yellow flocculent precipitate, with pal¬ 
ladium salts. None of the other platinum metals will precipitate in the 
cold; copper does not interfere but gold and nickel must be absent. 

Osmium in the metallic state sublimes at white heat without melting, 
and on heating in air or in oxygen it produces OSO 4 , volatile, and extremely 
poisonous. This oxide is soluble in water and from this solution, FeS 04 
precipitates Os (OH) 4 , black; sulfurous acid produces colors ranging from 
yellow to green to blue, the latter being the color of OsSOs; metallic zinc 
precipitates osmium as a black powder, which is the only one of the plati¬ 
num metals that dissolves in hydrogen peroxide. 

Any osmium compound heated with concentrated nitric acid yields 
vapors of OSO 4 . If OSO 4 is distilled into water, the solution slightly acidified, 
and ether or amyl alcdliol added, a blue color results. This test is said to 
detect one part OSO 4 in a million parts of water. 

A solution of a chlorosmate or of the totroxidc acidified with HCl and 
warmed with an excess of thiocarbamide, yields a deep rose color. This 
test is said to detect 1 part osmium to 100,000.^ 

Iridium tetrachloride, treated with excciss of alkali hydroxides, gives 1 % 
green solution with a small black precipitate of tlui doul)Ie <jhlorid(;. On 
heating the solution first becomes red, th(ui de(‘p azures hlu(^, due to the 
precipitation of Ir(OH) 4 . This test distinguisIuiB iridium from f)latinum. 

Alkali chloriridates are reduced by F(;S(> 4 , or HnCL, tluj solutiorw 
being decolorized and chloriridites formed. Tliese salts crystallize out on 
cooling. 

Platmumsolts are reduced by FCSO 4 , or BnOI-i, the rrudjil finally resulting. 

Platinic solutions yield with SnCL a blood-red (!olor if the solution k 
concentrated, or a golden brown in a dilute Holutif^n. TIhj color is extractc?fl 
with ether. This test distinguishes platinum from palladium, iridium, gold, 
or iron, but it must be carried out in the al)B(mec of filter paper or other 
organic matter. 

Platinic chloride is not reduced by oxalic acid, another method of dis¬ 
tinguishing platinum from gold. 

Potassium iodide gives a test for platinum which is very didicaf^?. When 
added to a solution of platinum chloride a color appears whicli varica froiti 
rose red to brown; or black PtU may he priKu pi fated. An axeem of KI 
produces K 2 Ptl 6 , brown, sparingly soluble. Iron, copper, and oxidizing 
agents interfere with this test. 

Estimation. — The quantitative determination of the metiili of tb* 
platinum group is a task which requires long and skillful effort cm the part 
of the analyst. Many schemes of separation have been pr 0 |K>iied and usfJi 

1 Tachugaev, Compt. rend. 167 235 (1018). 
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CM 

Yellow 

PtSs, brownish- 
black 

PtS 2 , brown, sol. in 
excess giving 
(NHOaPtSs 

Dark ppt. of 

Pt02 ♦ (H 2 O) 

Slowly decolorized 

Yellow ppt. 
(NH4)2PtCl6 

Red-brown color; 
slow forming 

No change 

Increased yellow 

Pt. Black ppt. 

No change 

Pt ppt. 

K 

M 

Dark brown 

Ir 2 Ss, brownish- 
black 

IraSa, brown, sol. 
in excess 

Double chloride, 
brownish-black 
ppt. sol. green 

Bright color 

Black ppt. 

Brownish-red 
ppt. KaIrCle 
Yellow color 

No change 

Decolorized 
^ Yellow color 

No change 

Ir ppt. 

:s 

o 

tn 

O 

Yellow 

OsS, brownish- 
black 

Dark ppt, insol. 
in excess 

OsOt • 2 H 2 O, 
brownish-red 

Y ellowish-brown 

ppt. 

Red ppt. 

Brown ppt. 

cryst. KaOsCle 

No change 

No change 

Unchanged 

No change 

No change 

Os ppt. 

O 

£ 

i 

1 Brownish-yellow 

1 PdS, brownish- 
black 

PdS, black, insol. 
in excess 

Basic salts, 3 ’'ellow- 
brown, sol. in 
excess 

Decolorized 

No ppt. 

Red ppt. 

KiPdCU 

Dark ppt. Pdls, 
sol. in excess 

White ppt. 

Pd(CN)2 

Unchanged 

Pd. Black ppt. 

No change 

Pd ppt. 

O 

a 

I 

1 Red 

RhsSs, brownish- 
black 

RhsSs, dark brown, 
insol. in excess 

Rh(0H)3, j'^ellow- 
brown, sol. in 
excess 

Slowly decolorized 

No ppt. 

Red ppt. cryst. 
KiRhCU 

No change 

% 

No change 

Yellow color 

Yellow color 

No change 

Rh ppt. 

4 

Dark brown 

Azure blue color, 
slow forming 

Ru, dark brown, 
difficultly sol. in 
excess 

Black ppt. insol. 
in excess 

Green color 

Brown ppt. 

Violet ppt. cryst. 
K 2 RUCI 6 

No change 

No change 

Dark violet color 

Yellow color 

Yellow ppt. 

Ru ppt. 


Color ^ 

HtSi at 80°C 

Ammonium sulfide 

Caustic alkalies 

NH 4 OH ^ on 
warming 

Saturated * 

NHtCl 

Saturated 

KCl 

KI solution* 

1: 1000 

HgCCN )2 sol. 

KCNS, 1 per cent 
Hydrazine * in 

HCl 

Dimethyl- 
glj'^oxime ® 

Metallic zinc 
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the alloy is heated with ten times its weight of lead and the button digested 
with hot nitric acid until the lead is removed; the residue is digested with 
aqua regia which has been diluted with five parts of water, then the iridium 
metal is washed, ignited, and weighed. 

Platinum may be determined as the metal by igniting the sulfide, 
obtained by the action of H2S on an acidified solution of the chloride. 

Ammonium chlorplatinate may be precipitated by evaporating a 
neutral solution of PtCU just to the point of crystallization, then adding 
an excess of a saturated solution of ]SrH4CL Add alcohol, let stand twenty- 
four hours; filter, wash with 80 per cent alcohol, dry, and weigh. The 
precipitation of platinum by this method is not quite complete. The pre¬ 
cipitate may finally be ignited in a stream of hydrogen, but the ignition 
should never be made in air because of loss of platinum, probably through 
the volatility of PtCb. 

Volumetrically, platinum may be determined by adding KI to a solution 
of platinic chloride or alkali chlorplatinate. The iodine liberated is 
titrated with thiosulfate, one molecule of platinic chloride liberating a 
molecule of iodine. This method is not extensively used. 

The plan for the quantitative separation of the metals of the platinum 
group,^ given in Table XLVIII, must be considered as an approximation. 
It may be necessary to repeat the fusion with 3Sra202 in dissolving the melt 
in HCl. Heating the solution must be avoided to prevent loss of OSO4. 
It is probable that the chlorine distillation will have to be repeated several 
times in order to remove all of the ruthenium. Precipitation of platinum 
and iridium by means of ammonium chloride is never complete and the 
precipitate is always contaminated with rhodium and palladium. 

1 For a scheme which is better suited to the analysis of alloys see the method 
of Deville and Stas as modified by Mylius and Foerster, JBer. 25 , 665 (1892). 
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